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(Received for publication, May 9, 1942) 


Lawrence and Riddle (1) in 1916 demonstrated that the blood lipids of 
the fowl are increased during the egg-laying season. By the administration 
of estrogens (2-4), either natural or synthetic, large elevations of the 
concentration of fats in the blood have been produced experimentally in 
female and male birds, or in capens. Entenman, Lorenz, and Chaikoff 
(4) reported a 2-fold to 4-fold increase in phospholipids alone within 48 
hours after administration of diethylstilbestrol. Landauer, Pfeiffer, 
Gardner, and Man (5) produced concentrations of lipoid phosphorus as 
high as 201 mg. per 100 cc. of serum after the administration of estradiol 
benzoate for 3 weeks. We have made further studies on the effect of the 
administration of diethylstilbestrol' with reference to the rate of increase 
of phospholipids during the course of administration and the rate of de- 
crease when the estrogen is stopped, and have analyzed these phospholipids 
to determine whether and by how much the choline-containing phos- 
pholipids and the cephalins both are increased by the estrogen. 


Methods 


Mature cocks of a Leghorn strain crossed with Minorca, weighing be- 
tween 1.6 and 2.6 kilos, maintained in cages on a standard ration, were 
given 1 mg. of diethylstilbestrol dissolved in peanut oil per kilo of body 
weight subcutaneously, daily, for a 5 day period. They were again in- 
jected with the estrogen 33 days following the last of these injections for a 
6 or 7 day period. The first group of eight birds was studied from October 
29 to December 30 and the second group of seven birds from January 21 
to March 18. 

Specimens of blood were removed by venipuncture from all the cocks 
at the beginning and end of each series of injections and from smaller al- 
ternating groups as often as was practical throughout the injection and 
early recovery periods. The blood was heparinized and centrifuged and 
the plasma was analyzed for phospholipids. In many cases determinations 
were also made of cholesterol and neutral fat. 

The plasma was extracted with 20 volumes of a 3:1 aleohol-ether mixture 


' Kindly supplied by the Abbott Laboratories. 
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at room temperature overnight. An aliquot of this extract was ashed 


; ; ; ) 

' directly for total phosphorus content, since Man (6) has shown that 
: ; : ( 

greater accuracy is not attained by the more hazardous procedure in- 7 

. . . ry bd . l 

volving reextraction with petroleum ether. The ashing was done with ti 


sulfuric acid and superoxol and the final phosphorus determination by the 
method of Fiske and Subbarow (7) adapted to the photelometer. The d 
phosphorus content was considered as one-twenty-fifth of the total amount | 





of phospholipids. 
To determine the amount of choline-containing phospholipids, an 
aliquot of the alcohol-ether extract was evaporated and suspended in 5 | 
ml. of absolute methyl alcohol. Hydrogen chloride gas was bubbled | 
through this for a period of 20 minutes to split off the choline. The | fe 
alcoholic solution was evaporated to dryness at room temperature, the | “ 
residue was dissolved in 6 ml. of water and centrifuged, and aliquots were 
taken for choline determination. The choline was then determined as 
the enneaiodide by the method of Roman (8) as used by Kirk (9). The 
procedure for splitting off the choline from the phospholipids is similar to | 


TaBLe I | 
Comparison of Two Methods of Hydrolysis of Phospholipids 


Choline-containing phospholipids, mg. per 100 ml. plasma 


Method ‘ 

Blood 1 Blood 2. Blood 3 Blood 4 | Blood 5 Blood 6 | Blood 7 

OT ee ae 159 176 510 637 967 1578 2335 
Thannhauser ef al. (11). .| 151 172 513 592 920 1599 2260 





that used by Levene (10) for hydrolysis of nucleic acid and gave results 
comparable to those obtained by refluxing for 3 hours with a solution of 
gaseous hydrogen chloride in absolute methyl alcohol as recommended | 
by Thannhauser, Benotti, and Reinstein (11) (Table I). “he content of 
choline-containing phospholipid was obtained by multiplying the choline 
value by 6.68. 

The values for cephalins were obtained by difference from the amount 
of choline-containing phospholipids and the amount of total phospholipids. 
Attempts were made to separate sphingomyelin, by the methods of Kirk 
and of Thaanhauser, Benotti, and Reinstein, for subsequent determination 
by phosphorus content. Neutral fat was determined by the method of 
Voris, Ellis, and Maynard (12) on an acetone extract of plasma, and 
cholesterol by the method of Liebermann and Burchard, as described by , 
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Bloor, Pelkan, and Allen (13), adapted to the photelometer. | te 
Results th 

When diethylstilbestrol was administered to fifteen mature cocks daily 
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for 5 days during the season from late October to March, the plasma 
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phospholipids increased continuously from a mean of 312 mg. per 100 ml. 
toa maximal mean value of 1952 mg. per 100 ml. 24 hours after the last 
injection (Table I1). When administration of the estrogen was discon- 
tinued, a precipitous decrease occurred to normal levels (Fig. 1). The 
administration of estrogen was repeated 33 days later, this time for 6 or 7 
days. The same changes occurred as before but the increases in total 


Taste II 
Plasma Lipids of Cocks Receiving Injections of Diethylstilbestrol 
Studies on Cocks 1 to 8 were made from October 22 to December 30, 1940; on Cocks 
9 to 15 from January 21 to March 18, 1941. In Series 1 the cocks were injected daily 
for 5 days; in Series 2 Cocks 1 to 8 received seven daily injections, Cocks 9 to 15, 
six daily injections. 
The values are expressed in mg. per 100 ml. of plasma. 


Series 1 Series 2 











‘ Total phos- | Choline phos- : . Total phos- | Chcline phos- : 
Cock No. | _ pholipids pholipids Cephalins pholipids | pholipids | Cephalins 
| ee eee ; ma 
24 hrs. 24 hrs. 24 hrs. 24 hrs. | | 24 brs. | 24 hrs. 
Before after Before after Before | “ister |Before| “otter ez otter Befor| after 
—_|—- : > 
302 | 3480 | 176 | 2486 | 126 | 994 | 264 | 3760 | 208 | 2285 | 56 | 1475 


288 | 681 | 171 495 | 117 | 186 | 226 | 1190 | 189 | 612) 37) 578 


» 

3 | 337) 479) 188| 253 | 149) 226 | 281 | 1830 | 235 | 1120| 46} 710 
4 | 236 | 3070 | 109 | 2144 | 127 | 926 | 246 | 3050 | 197 | 1970 | 49 | 1080 
5 | 340 | 1410 | 183 | 1016 | 157 | 394 | 389 | 2105 | 296 1340) 93 | 765 
6 | 337 | 2190 | 219 | 1670 | 118 | 520 | 347 | 3080 | 253 1870 94 | 1210 


7 253 | 3070 | 166 | 2309 | 87) 761 | 243 | 3140 | 239 | 2105 4 1035 

8 208 | 874 | 104} 669 | 104 205 | 267 | 3420 | 225 | 2280 | 42) 1140 

9 $17 | 2810 | 190 | 1775 | 227 | 1035 | 434 | 2950 | 301 | 1395 | 133 | 1555 
10 285 | 1845 | 156 | 1080 | 129 | 765 | 400 | 1556 | 283) 915) 117) 641 
1] 325 | 1390 | 135 | 7771190} 613 | 288 | 1455 | 209 | 744/| 79} Til 
12 316 | 1860 173 143 284 | 2280 | 240 | 1380 | 44) 900 
13 438 | 2130 | 215 | 1280 | 223 | 850 | 250 | 3280 | 178 | 2150 | 72 | 1130 
14 302 | 1063 135 | 695 | 167 | 368 
15 302 | 2930 | 133 | 1768 | 169 | 1162 | 338 | 4180 | 261 | 2675 | 77 | 1505 


Mean..| 312 | 1952 | 164 | 1316 | 149 643 | 304 | 2663 | 237 | 1632 67 | 1031 
8.D.....| 60 963 35 714 41 331 66 924 39 645 34 329 


phospholipid were of even greater magnitude, reaching a mean value of 
2663 mg. per 100 ml. of plasma again 24 hours after the last injection. 
The determinations for intermediate days that were made, though on 
smaller numbers of the same cocks, were entirely consistent with the de- 
terminations made on the days when all the cocks were used. Although 
this estrogen produced an increase progressive with time in the concentra- 
tion of plasma phospholipids in all the cocks, the amount of the increase in 
the individual cocks was highly variable. Maximal values found within 
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7 days, however, approached those found in 3 weeks by Landauer, Pfeiffer, 
Gardner, and Man when estradiol benzoate was administered to cocks, 
and those found in 6 days by Laskowski (14) when gonadotropic hormone 
of the pituitary was administered to hens. Laskowski also found the 
response of different individuals to be highly variable. 

Both the cephalins and the choline-containing phospholipids were in- 
volved in the rapid increase in total phospholipids produced by diethylstil- 
bestrol (Table II) and in the rapid decrease subsequent to discontinuing 
administration of the estrogen (Fig. 1). The mean value for choline- 
containing phospholipids increased from 164 to 1316 mg. per 100 ml. 
during the injections in Series 1 and from 237 to 1632 mg. in Series 2. The 
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Fic. 1. Cephalins and choline-containing phospholipids in the plasma of cocks 
receiving | mg. of stilbestrol for each kilo of body weight. The numbers on the 
curves indicate the number of birds studied on each day. The individual values 
before injection and 24 hours after the last injection are given in Table II. The 


arrows indicate injection. 


mean value for the cephalins increased from 149 to 643 and from 67 to 1031 
mg. per 100 ml. of plasma during the two series of injections. An increase 
in both kinds of phospholipids was found in all of the birds but the extent 
of the increase in individual birds varied considerably. The composition 
of the phospholipid mixture was not altered greatly by the injections. 
Thus the choline-containing phospholipids averaged 52.6 per cent of the 
total at the beginning of the experiments, 67.4 per cent after the injections 
of Series 1, and 61.3 per cent for Series 2. During the recovery periods 
when the content of total phospholipid had returned to normal, low values 
for cephalins were generally found. Even 33 days after the injections in 
Series | the choline phospholipids made up 78.0 per cent of this total. 
Attempts to determine what part of the choline-containing compounds 
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was made up of sphingomyelin were unsatisfactory, particularly when the 
total quantity was very high. At normal levels of total phospholipid, 
values for sphingomyelin which were approximately 10 per cent of the 
total could be obtained by either the method of Kirk or that of Thann- 
hauser, Benotti, and Reinstein (11). However, when the total phospho- 
lipid was, for example, 2810 and the choline-containing phospholipids were 
1775 mg. per 100 ml. of plasma, if the reineckate was washed only with 
ice-cold methyl alcohol and ether as used by Thannhauser and Setz (15) 
in their 1936 method and by Erickson and sthers (16), values of 1020 mg. 
for sphingomyelin were obtained. When the reineckate was washed with 
ice-cold acetone as recommended by Thannhauser and others (11) in 1939, 
a very large decrease in phosphorus content of the precipitate occurred and 
the extent of the decrease seemed to be dependent on the number of wash- 


TABLE III 
Comparison of Concentrations of Cholesterol, Phospholipids, and Neutral Fat before 
and after Administration of Diethylstilbestrol 


The values are expressed in mg. per 100 ml. of plasma. 


Cock No. 
9 10 11 i2 13 14 15 
Cholesterol Before 243 223 264 230 257 227 173 
After* 900 S40 595 675 694 394 925 
Phospholipids Before 417 285 325 316 438 302 302 
After* 2810 1845 1390 1860 2130 1063 | 2930 
Neutral fat Before 528 380 365 317 650 180 316 


After* 8320 4520 3200 4510 5230 2700 |= 7550 
* 24 hours after five daily injections of diethylstilbestrol. 


ings and on the time of washing with the ice-cold acetone, with no definite 
end-point. Because of such difficulties as well as the lack of information 
available on the nature of sphingomyelins in birds, we have been unable to 
determine to what extent the sphingomyelin increases, although this would 
be indeed important to know. 

Increases in total phospholipids found 24 hours after five daily injections 
of the estrogen were greater than increases found in cholesterol but less 
than those found in neutral fat (Table III). This relation is the same 
as that found by Entenman, Lorenz, and Chaikoff 24 and 48 hours after 


administration of diethylstilbestrol. 
Comment 


The rapidity with which an extremely high concentration of phospholipid 
in the plasma of the cock may be produced by diethylstilbestrol is very 
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striking. In fact the action of estrogens in birds appears to be the most 
effective stimulus known for the production of large and rapid increases 
in the concentration of circulating phospholipids. It is therefore of 
considerable interest that the increases in phospholipids due to such a 
powerful stimulus as diethylstilbestrol were so variable. This may in part 
be due to variation in the rate of absorption, destruction, and elimination of 
the estrogen (17), but it may also be the result of other factors which control 
the concentration of circulating phospholipids. The even greater increase 
in neutral fat in the plasma is undoubtedly due to mobilization from the 
fat depots, but it would be difficult to attribute the increase in phospho- 
lipids to mobilization. Should such a process occur, the most likely tissue 
to be involved would be the liver. When the concentration of phospho- 
lipid increases in the plasma 10-fold in 5 to 7 days, it is almost equal to the 
concentration in the liver. Since the plasma volume of the bird is about 
t per cent and the liver weight 2 to 4 per cent, the total quantity of cireu- 
lating phospholipid in the plasma then equals or exceeds the normal content 
of the liver. Although our studies of the actual content of phospholipid in 
the liver following administration of diethylstilbestrol are very incomplete, 
they do show that there is insufficient decrease of phospholipids in the liver 
to account for those in the blood on the basis of mobilization. It appears 
that the large accumulation in the blood must be due to actual synthesis, 
the site for which is probably the liver, as suggested by experiments of 
Hevesy and Hahn (18) in which radiophosphorus was administered to the 
laying hen. 

It is interesting that when rapid production of plasma phospholipids is 
initiated in the cock, almost a normal partition of choline-containing 
phospholipids and cephalins is maintained, although the increase of the 
cephalins is less and more variable than that of choline-containing phospho- 
lipids. When the administration of the estrogen is discontinued, both 
the excess amount of choline-containing phospholipids and that of the 
cephalins in the circulating blood are rapidly removed. Since the phospho- 
lipids can neither be excreted nor stored in quantity as such, this suggests 
that both can be rapidly metabolized. After a period of administration of 
estrogen, the concentrations of cephalins actually decreased below the 
control levels and remained low for the month which elapsed before the 
second period of administration, after which the concentrations were again 
very low. The physiologic significance of this is not clear but it is perhaps 
in keeping with the greater variability of the cephalin fraction. 

Artom and Freeman (19) found that the relatively small increases in 
total phospholipids of the plasma of rabbits after a fatty meal were due to 
increases in lecithin and not cephalin, whereas Artom (20) found that in 
man the increases in total phospholipids were due to increases in both 


lecithin and cephalin. 
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SUMMARY 


Concentrations of phospholipids in the plasma approaching those in the 
liver may be produced in cocks in 1 week by the administration of diethyl- 
stilbestrol, apparently by actual synthesis. 

The concentrations of these circulating phospholipids, however, return 
to normal values within a few days after discontinuance of administration 
of this estrogen. 

Both the cephalin and choline phospholipids participated in the increase 
of the total phospholipids produced by the estrogen; so that the ratio of 
choline phospholipids to cephalins was not greatly altered during the 
period of intense production, although a more rapid decrease of the cephalin 
fraction, producing a shift toward a higher percentage of choline phospho- 
lipids, was noted during the recovery period. 
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While studying the effect of bubbling air through a highly pigmented 
solution of giant ragweed pollen extract, we found it necessary to make a 
careful comparison of the electrophoretic patterns obtained before and after 
oxygenation. Improvement in the patterns obtained for colored solutions 
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Fig. 1. Eleetrophoretie patterns (descending limb) of ragweed pollen extract. 
A through D are prints from the same negative with varying times of exposure (after 


aeration); FE, single print (before aeration) 


had previously been observed by Treffers and Moore (1) upon varying the 
wave-length into the infra-red region, and by Oncley (2) using filtered 
visible light. 

Considerable facilitation in the analysis of electrophoretic diagrams ob- 
tained by the Longsworth (3) technique may also be obtained by varying 
the exposure time of both the negative and the print. Such a procedure 
is an aid in identifying the pigmented or light-absorbing components and 
in locating deeply pigmented components which may otherwise be lost if 
their concentration is too low to give a detectable refractive index gradient. 
Fig. 1, A is an electrophoretic pattern of giant ragweed pollen extract after 
aeration. Compare this with Fig. 1, 2 which was obtained before bubbling. 
In Fig. 1, F the position of the main light-absorbing pigment is indicated, 
whereas in Fig. 1, A no absorbing pigment is observed. Fig. 1, B was ex- 
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posed for a longer period than Fig. 1, 4. Fig. 1, C, made from the same 
negative as Figs. 1, A and 1, B, corresponds very closely to Fig. 1, 2 and 
clearly indicates the main pigmented component migrating away from the 
non-moving colorless component. Fig. 1, D) illustrates a print of still 
greater exposure and indicates no absorption by the non-moving colorless 
component (4). 
li is evident from our data that the analysis of electrophoretic patterns 
by visible light with the ordinary technique can be more successfully accom- 
plished if various exposure times are employed in printing. In this way the 
different types of pigments and their photographic intensity may readily 
be estimated. 

Incidentally, on the basis of the data presented here it is evident that 
bubbling oxygen through giant ragweed pollen solution for 13 hours does 
not change appreciably the electrophoretic pattern. 
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THE ARSENIC ANALOGUE OF CHOLINE AS A COMPONENT OF 
LECITHIN IN RATS FED ARSENOCHOLINE CHLORIDE* 


By A. D. WELCH? ano R. L. LANDAUY 


From the Department of Pharmacology, Washington University School of Medicine, 
St. Louis) 


(Received for publication, March 3, 1942) 


In 1936 it was reported that the arsenic analogue of choline chloride 
has a marked lipotropic action in rats on a high fat-low choline diet (1), 
a finding confirmed by Best and Ridout (2). Later it was shown in mice 
that the lipotropic activity of arsenocholine chloride is at least one-half 
as great as that of choline chloride (3,4). That the arsenic analogue is 
utilized in the biosynthesis of phospholipid was indicated by the spectro- 
graphic demonstration of the presence of arsenic in purified lecithin and 
sphingosine-phosphorylcholine isolated from various rat tissues (1, 4). 
This finding suggested that, as might be anticipated, exogenous choline 
may be utilized directly in the formation of phospholipid. 

The lipotropic inactivity of the arsenic analogue of betaine hydrochloride 
was interpreted as indicating that ordinary betaine is first reduced to 
choline before exerting its lipotropie action (4). The recent work of 
Stetten (5) has shown that such a conversion occurs, although in an 
indirect manner: betaine yields glycine and methyl! groups; the former is 
reduced to ethanolamine, while the latter are available for methylations, 
eg. ethanolamine to choline. The lipotropic activity of betaine is now 
explained by its ability to serve as a source of methyl! groups for the forma- 
tion of choline. The failure of arsenobetaine to exert a lipotropie action 
indicates that this compound, unlike betaine, is unable to supply methyl 
groups for choline synthesis. Arsenocholine, like arsenobetaine, cannot 
serve as a methyl donor, since rats on a choline-free diet, containing 
homocystine in place of methionine, fail to grow when arsenocholine is 
added to the diet (6-8). Like choline, however, arsenocholine is an 
active lipotropic agent; thus, since its methyl groups do not appear to be 
labile, the lipotropie activity of this compound must depend upon reac- 
tions which involve the intact molecule of arsenocholine. Although the 


* This investigation has been made with the assistance of a grant from the Com- 
mittee on Therapeutic Research, Council on Pharmacy and Chemistry, American 
Medical Association. 

+ Present address, Department of Pharmacology, Medical Researeb Division, 
Sharp and Dohme, Inc., Glenolden, Pennsylvania. 

t Present address, University of Chicago Clinies. 
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methyl groups of choline are labile, it is reasonable to conclude that its 
lipotropic action is related to reactions which involve the intact mole- 
cule rather than its labile methyl groups. 

The spectrographic demonstration of arsenic in lecithin indicated one 
pathway through which the utilization of arsenocholine might conceivably 
lead to a lipotropic effect. However, a question as to the nature of the 
arsenic in the lecithin was raised by the finding (9), which we have con- 
firmed, that rat liver forms a volatile arsenical substance, probably tri- 
methylarsine, from the arsenic analogue of choline. The possibility was 
offered that the arsenic content of the lecithin was due, wholly or in part, 
to a degradation product of arsenocholine, rather than to a partial replace- 
ment of choline with its arsenic analogue. 

It can now be stated, as a result of further experiments, not only that 
the feeding of arsenocholine chloride results in the appearance of significant 
amounts of arsenic in the choline fraction of a lecithin hydrolysate, but 
also that this arsenic is almost certainly in the form of arsenocholine. 


EXPERIMENTAL 


A group of rats was fed a diet containing arsenocholine chloride (1 per 
cent) for a period of | week. It should be noted that these animals showed 
no signs of toxic reactions. The combined carcasses, exclusive of the 
alimentary tracts, were weighed (1460 gm.), ground, and extracted re- 
peatedly with hot ethanol (95 per cent). Phospholipids were separated 
from the ethanol by acetone precipitation (yield, 8.9 gm.) and hydrolyzed 
with 10 per cent hydrochloric acid (100 cc.) at 100° for 18 hours. Fatty 
acids were removed by filtration (0°) and the filtrate diluted to 500 ce. 
A filtered solution of ammonium reineckate (saturated at 50°) was added 
in excess (250 ce.) and the precipitate recovered by filtration. Repeated 
extraction of the precipitate with absolute ethanol, until a colorless extract 
was obtained, served to remove certain impurities (10); aminoethanol 
does not form a precipitate with ammonium reineckate (11). The resi- 
due was dried in vacuo over phosphoric anhydride to constant weight 
(1.77 gm.). The various fractions were subjected to analysis for arsenic, 
according to the procedure of Morris and Calvery (12); see Table I. 

It is clear that essentially all the arsenical compounds present were 
retained in the choline fraction (the “purified” reineckate precipitate). 

A sample of the reineckate precipitate (1.125 gm.) was decomposed 
according to the method of Kapfhammer and Bischoff, as described by 
Mann and Quastel (13), and the solution obtained was reduced in volume 
to 10 ce. Of this solution, 9 cc. were treated with a 25 per cent solution of 
gold and sodium chloride (5 cc.). The resultant crystalline precipitate 
was recrystallized from dilute hydrochloric acid (2 per cent) containing 
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gold and sodium chloride (0.7 per cent). A sample (0.185 gm.) of the 
yellow, needle-like crystals obtained was analyzed for nitrogen, arsenic, 
and gold; see Table II. On the basis of the amounts of arsenocholine 
and choline aurichlorides required by the arsenic and nitrogen content, 
the gold content should have amounted to 79.9 mg.; 80.8 mg. were found 
(+1.2 per cent). 

Additional evidence that the arsenic content of the crystalline auri- 
chloride is actually due to arsenocholine is offered by the following highly 
specific, but qualitative, test. A sample of the aurichloride (9.25 mg.) 


TABLE I 
Arsenic Content of Phospholipid Fractions 


Arsenic 


Fraction 
_ még. per cent of total 
Aqueous filtrate from reineckate ppt. 4 0.55 1.73 
Alcoholic extract of a *: 0.89 2.80 
“Purified”? reineckate ppt. (1.77 gm.) 30.30 95.46 


TaBLe II 
Arsenic, Nitrogen, and Gold Content of Crystalline Aurichloride (185 Mg.) 


ae Theoretical 

Element | Found | Baivalent, | quivalent compound =| reg of 

compound 

me. me. | meg. 

N | 5 4] 76 16 C,H yON-AuCl, 171.16 

As 1.41 3.4¢3 C;H,OAs-AuCl, 9.49 
Au 80.8 

Theoretical weights from 
N and As. 79.87 180.65 


was dissolved in water and treated with powdered silver to precipitate the 
gold (14). The combined filtrate and washings (20 cc.) were made alka- 
line with sodium bicarbonate; iodine-potassium iodide solution (13) was 
then added (29 ec.). The precipitate, incompletely recovered by centrifu- 
gation, was dissolved in chloroform and the solution extracted with dilute 
hydrochloric acid (2 per cent) to recover any water-soluble material. The 
amount of arsenic found in the extract was small (0.017 mg.); it was 
equivalent, however, to about one-fourth of the theoretical amount. 
Although techniques were employed which permitted losses to occur, a 
fraction was obtained under conditions highly specific for choline. The 
occurrence of arsenic in this fraction, and the fact that it was derived from 
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a erystalline gold salt which analyzed almost theoretically for a mixture 
of choline and arsenocholine aurichlorides in a ratio of 18:1, give strong 
indication that choline and its arsenic analogue were in admixture. 

The techniques used in the isolation of the various choline fractions are 
dependent on well established procedures. The insolubility of choline 
reineckate in water and in absolute ethanol has served as the basis for 
several methods for the determination of choline, particularly those of 
Beattie (15), Jacobi, Baumann, and Meek (16), and Thornton and Broome 
(11). Wet! have found that 100 cc. of distilled water at 23° dissolve 0.041 
gm. of choline reineckate; under similar circumstances 0.064 gm. of arseno- 
choline reineckate is dissolved. Strack and Schwaneberg (17) observed that 
excess ammonium reineckate and cooling reduced the solubility of choline 
reineckate from 0.019 per cent (at 18°) to 0.0015 per cent; undoubtedly 
a similar effect is exerted on arsenocholine reineckate. In absolute 
ethanol choline reineckate is soluble to the extent of 0.018 gm. per 100 ee. 
at 23°, while 100 cc. of a saturated alcoholic solution of arsenocholine 
reineckate contains 0.038 gm. The data shown in Table I demonstrate 
that over 95 per cent of the arsenic present in the various fractions of the 
lecithin hydrolysate was contained in that portion of the reineckate pre- 
cipitate which was insoluble in absolute ethanol. Also, on the basis of 
the work of Jacobi et al. (16) it may be assumed that essentially all the 
choline (and therefore all the arsenocholine) was present in the “purified” 
reineckate precipitate; if the latter consisted entirely of arsenocholine and 
choline reineckates, the ratio of the former to the latter, expressed as the 
chlorides, was 1:64. 

In the procedures leading to the formation of the recrystallized gold salt 
it is probable that fractionation occurred at the expense of arsenic, since 
the calculated ratio of arsenocholine to choline, expressed as the chlorides, 
was in this case 1:14.2. Such fractionation is doubtless related to the 
fact that arsenocholine aurichloride is more soluble than is choline auri- 
chloride (a saturated aqueous solution (23°) of choline aurichloride was 
found to contain 1.52 gm. per 100 cc., while under similar conditions 
2.45 gm. of arsenocholine aurichloride were found). 

Precipitation as the insoluble periodide has been used by several workers 
(18, 12, 19, 20) as a means for the determination of choline. Although 
the iodine complex is very unstable, and reliable analytical results are 
difficult to obtain, the formation of the complex lends itself, under certain 
conditions, to the precipitation of choline with a high degree of specificity. 
That arsenocholine forms an iodine complex similar to that of choline is 
indicated by the successful use by Roepke and Welch (21) of the periodide 


1 The authors are grateful to Miss Ethol Shiels, of the Medical Research Division 
of Sharp and Dohme, Inc., for assistance with the solubility determinations. 
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procedure for the determination of arsenocholine. The complex is al- 
together too unstable to permit solubility determinations to be made. 

Incontrovertible proof that the arsenic component is actually the arsenic 
analogue of choline requires the separation of that substance from choline, 
and the positive identification of the pure compound; however, the diffi- 
culties attending such separation appear to be great. 

DISCUSSION 

The work of Perlman and Chaikoff (22) with radioactive phosphorus 
has shown that choline markedly stimulates the turnover of phospholipids. 
Stetten’s investigations with choline containing heavy nitrogen (5) have 
offered convincing evidence for the direct synthesis of phospholipids from 
ingested choline. The evidence here presented indicates that the arsenic 
analogue of choline may, to a certain extent at least, replace choline in 
the biosynthesis of lecithin. Studies with the triethyl homologue of 
choline, triethyl-8-hydroxyethylammonium chloride, failed to show that 
this compound can be utilized for lecithin synthesis (23). 

The different pathways of metabolism of choline and its arsenic analogue 
are presented in the accompanying series of reactions; stages concerning 
which the evidence is incomplete are indicated by question marks. 


Phospholipids 


CH,),N-CH.CH.OH — (CH,,N-CH.CHO —> 
+ ‘ . 


» 9 
| ; * i... 


CH; CH; 


(CH,);N-CH.COOH — H.N-CH.COOH — H.N-CH.CH.OH 


CH, 


+ Labile methyl groups 


Phospholipids 


” 


CH;);As-CH,CHL,OH — (CH;);As-CH:CHO — (CH;);As-CH-COOH 


9 
= » 


(CH,);As(?) (CH;)3As(?) 


The biological significance of the conversion of choline to betaine alde- 
hyde and betaine (liver, kidney) is not at present understood. It has 
been suggested (24) that such oxidation occurs prior to demethylation ; 
however, betaine is less active than choline as a lipotropie agent (2, 4), 
as an accelerator of phospholipid turnover in the liver (25), as a donor of 
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methyl groups to homocysteine (6,8), and, as an antiperotic agent in 
chicks, it is inactive (26). Semiquantitative studies of a nature similar 
to those with betaine have not yet been reported with betaine aldehyde; 
it has been found, however, that it does not possess antiperotic activity 
and stimulates growth but slightly in chicks;? preliminary results in rats? 
indicate that it is definitely less active than choline, both as a lipotropic 
and as a renal antihemorrhagic agent. Oxidation of choline does not 
appear to be preliminary to the exertion of a lipotropic action, since 
betaine aldehyde and betaine are less active than choline, while arseno- 
betaine (4) and probably arsenobetaine aldehyde are inactive,* despite 
the activity of arsenocholine. 
Rat liver rapidly oxidizes choline or its arsenic analogue to the corre- 
sponding aldehyde; conversion to the corresponding betaine proceeds 
more slowly. The total oxygen consumed is equivalent to an uptake of 
2 atoms per molecule of choline or arsenocholine. Unlike betaine aldehyde, 
arsenobetaine aldehyde has not been isolated; it has been shown, however, 
that during the oxidation of arsenocholine by rat liver a compound is 
formed which reacts with 2,4-dinitrophenylhydrazine; this reactive com- 
pound gradually disappears as the oxidation continues. When semi- 
carbazide is added, the oxidations both of choline and of arsenocholine 
may be arrested at the aldehyde stage. In the case of the arsenic analogue 
a secondary reaction takes place which leads to the production of a strong 
garlic-like odor suggestive of trimethylarsine; in addition, acid per- 
manganate placed in the side arm of the oxidation chamber is decolorized, 
indicating the formation of a volatile reducing substance (9). It should 
be noted that significant amounts of trimethylamine, or other volatile 
substances capable of reducing acid permanganate, do not appear to be 
formed during the oxidation of choline by rat liver. The formation of the 
volatile arsenical substance is blocked by the addition of semicarbazide 
(9), a finding which presumably indicates that cleavage of the analogue 
occurs following its oxidation to the aldehyde. Rupture of the molecule 
appears to occur in vivo as well as in vitro, since the exhalations and tissues 
of animals fed arsenocholine chloride or arsenobetaine hydrochloride 
have a marked garlic-like odor. The absence of toxic effects is clear evi- 
dence that the volatile substance is not arsine, or its mono- or dimethyl 
derivatives; preliminary experiments with trimethylarsine produced no evi- 
dence of toxicity in the dosage used. Attempts to recover the volatile 
arsenical from tissues in sufficient amount for identification were not suc- 
cessful; the substance was found, however, to be wet-ashed with difficulty 
and to give reactions with mercuric chloride paper which were not typical 


? Jukes, T. H., and Welch, A. D., in preparation. 
3 Welch, A. D., unpublished research. 
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of arsine. The evidence, though inconclusive, suggests that arsenobe- 
taine and possibly arsenobetaine aldehyde undergo cleavage to form tri- 
methylarsine. 

The N:C bonds between N and CH; in choline, betaine aldehyde, and 
betaine are possibly all subject to disruption, while that between N and 
the 2-carbon side chain appears to be more stable. With the arsenic 
analogues the As:C bonds between As and CH; appear to be little, if at 
all, subject to rupture, while the bond between As and the 2-carbon side 
chain is more readily split. Clearly, the utilization of arsenocholine in 
the biosynthesis of lecithin, its inactivity as a methylator of homocysteine, 
and its marked activity as a lipotropie (1, 2, 4) and renal antihemorrhagic 
(27) agent suggest that it is biologically active only as an intact molecule. 
Logically, therefore, choline also functions as a lipotropic and renal anti- 
hemorrhagic agent by means of reactions involving the intact molecule. 
Additional evidence for this concept is afforded by the lipotropic (28, 23, 
27) and renal antihemorrhagic (27) actions of the triethyl homologue of 
choline and the similar activities (27) of the diethylmonomethyl homo- 
logue, although both were found to be inactive as methyl donors (6, 8). 

With regard to the renal antihemorrhagic action of arsenocholine, and 
the two homologues mentioned above, an alternative view should be 
considered. The lipotropie action of these compounds might “spare,” 
for the protection of the more sensitive kidney tissue, small amounts of 
choline formed as a result of the synthetic activity of the young rat. 
Conceivably, this protection might be accomplished by some mechanism 
other than that which operates through utilization of the synthesized 
choline as an intact molecule, perhaps in a manner similar to that which 
has been proposed by Jacobi and Baumann (24). Such a view, however, 
is not in agreement with the interpretation of preliminary data obtained 
from experiments now in progress. 

The information available would suggest that fatty livers develop when 
there is a deficiency in the amount of choline available for synthesis of 
compounds concerned with lipid transport, and that hemorrhagic kidneys 
may result from an acute deficiency in the synthesis of compounds con- 
cerned with cell structure, at a critical period in the growth of the rat. 
It is not necessary to assume that the synthetic reactions involved in each 
case are in every detail identical. In fact, preliminary findings indicate 
that differences do exist between lipotropic and renal antihemorrhagic 
activity, and Jukes (26) and Jukes and Welch? have found that certain 
choline derivatives are ineffective as antiperotic agents in fowls, although 
they have marked lipotropie or renal antihemorrhagic activity in rats. 

Although choline is of great importance as a source of methyl groups, 
it seems probable that one of its functions, lipotropie action, depends 
on reactions which involve the intact molecule. Whether a similar 
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conclusion may be applied eventually to the renal antihemorrhagie and 
antiperotic actions of choline is not at present certain. 
SUMMARY 

Evidence is offered that arsenocholine may substitute for choline jp 
the biosynthesis of lecithin. The reineckate and gold salt fractions, ob- 
tained from rats fed arsenocholine chloride, vield analytical data which 
indicate that the arsenie in such lecithin is in the form of the arsenic 
analogue of choline. 

The significance of this finding is discussed with reference to the products 
of metabolism of choline and of its arsenic analogue, and with reference to 
the view that the intact molecule of choline, rather than its labile methyl 
groups, is responsible for its lipotropie action (and possibly for its renal 
antihemorrhagie and antiperotic actions). 
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The asymmetric nucleoprotein of tobacco mosaic virus has a molecular 
weight of about 4 * 107 (1) and approximate molecular dimensions of 150 
A. X 2800 A. (2). 5to6 per cent of the virus is a ribosenucleie acid (3) 
which may be separated from the protein by many methods (4-8). A 
recent report by Schramm that the separation may also be effected by a 
nucleophosphatase derived from calf intestinal mucosa (9) has not been 
confirmed by the present authors (10). The virus does not appear to be a 
protein nucleate of the type described by Longsworth and MacInnes (11), 
since the nucleic acid cannot be separated by means of electrophoresis over 
a wide pH range (12). The absence of a salt-like linkage has also been 
noted in various streptococcal nucleoproteins (13), and nucleoproteins of 
this type may be considered to be a special case of a large group of biologi- 
eal compounds; namely, enzymes, viruses, and other proteins which possess 
phosphorylated prosthetic groups in an unknown mode of linkage. 
The investigation of tobacco mosaic virus structure by means of x-ray 
analysis (14) and electron microscopy (2) has not indicated concentration of 
the comparatively dense nucleic acid in any particular part of the nucleo- 
protein molecule. It was considered that a study of the size and shape of 
the nucleie acid which could be obtained from the virus might give some 
information as to the nature of its distribution and its mode of union to the 
protein. 

Thymus or desoxyribosenucleic acid, in contrast to ribosenucleic acid, 
shows an extreme dependence of the degree of polymerization on its con- 
centration in solution. ‘The conclusions derived from kinetic studies under- 
taken by numerous investigators (15-18) have been in agreement; namely, 
that desoxyribosenucleic acid polymerizes polydispersely in solution to 
form heavy asymmetric particles. Estimates of the size, shape, and state 
of dispersion of this material at infinite dilution are unavailable at present. 

The physical data on ribosenucleic acid are rather meager. This mate- 
rial has generally been isolated from various tissues after treatment with 
alkali. Myrbiack and Jorpes (19) have estimated from diffusion measure- 
ments that a commercial yeast nucleic acid possessed a molecular weight 


* Fellow in the Medical Sciences of the National Research Council. 


589 








-w 





590 SIZE AND SHAPE OF VIRUS RIBONUCLEATE 


equivalent to that of four nucleotides. Kunitz (20) and Loring (21), using 
the Northrop-Anson diffusion technique, secured data indicative of a con- 
siderably larger molecular weight for various ribosenucleic acids. -vidence 
of asymmetry in these materials has never been presented except as non- 
interpreted viscosity data (22). The present studies were undertaken, 
therefore, also to obtain information on the molecular state of a ribosenu- 
cleie acid. 
EXPERIMENTAL 

Preparation of Virus Nucleic Acid—Three types of material were used in 
the present studies. The first was obtained by Dr. H. 8. Loring (3) after 
treatment of tobacco mosaic virus with 5 per cent sodium hydroxide for 2 
hours at 4°. Solution of this protein-free nucleic acid in very dilute alkali 
at pH 6 and dialysis against water resulted in the loss of 50 per cent of the 
total phosphorus. An aliquot of the dialyzed solution was frozen and dried 
ina high vacuum. Elementary analyses were made by Dr. A. Elek of the 
Rockefeller Institute after the material had been dried to constant weight 
in an Abderhalden pistol at 100°. The nitrogen and phosphorus content of 
this sodium nucleate, which will be referred to as Nucleate C, was 13.29 
per cent and 8.36 per cent, respectively; hence, the atomic nitrogen to 
phosphorus ratio was 3.52. 

A second type of nucleie acid, Nucleate A, was obtained by the heat 
denaturation of the virus. Virus solutions, purified by differential centrif- 
ugation, were heated at 100° for 1 minute at a concentration of 30 mg. per 
ee. in the presence of 0.1 N sodium chloride in the pH range of 5 to 6. The 
mixtures containing protein coagulum and soluble sodium nucleate were 
kept at 4° for 24 hours and the coagulum was then removed by centrifuga- 
tion. Approximately 60 to 70 per cent of the total phosphorus was found 
to be in the clear supernatant liquid. Another 10 to 15 per cent was ob- 
tained by washing the coagulum with water. If virus solutions containing 
more than 30 mg. per ec. were used, the yield of nucleate was considerably 
less. The combined supernatant solution and washings from batches 
originally containing 2 to 6 gm. of virus were concentrated by directing a 
fan at the solution held in a cellophane bag. Solutions of sodium nucleate 
were dialyzed against distilled water without loss of phosphorus, and ali- 
quots were analyzed for nitrogen and phosphorus. One dried sample 
analyzed by Dr. Elek contained 13.58 per cent of nitrogen and 8.44 per cent 
of phosphorus; the nitrogen to phosphorus ratio was 3.56. For determina- 
tions of concentration and nitrogen to phosphorus ratios in the laboratory, 
nitrogen and phosphorus were determined by the Kjeldahl and the King 
(23) methods, respectively. According to the nitrogen to phosphorus 
ratios, all preparations studied were free of contaminating protein. Fur- 
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thermore, no precipitate formed in 0.6 per cent solution after the addition 
of antiserum known to react strongly with a solution containing 0.02 mg. of 
tobacco Mosaic virus per ce. 

The spontaneous decomposition of Nucleate A to an apparently stable 
non-dialyzable state at 4° occurred in less than a week at pH 7 or in approxi- 
mately a month at pH. 3 to 5. It was essential, therefore, that analyses be 
made on Nucleate A as rapidly as possible, so that the data would represent 
the largest average particle size and so that data used jointly would actually 
represent the same distribution of particle size. The third type of nucleic 
acid, Nucleate B, consisted of the spontaneous decomposition products of 
Nucleate A. Dialyzed solutions of Nucleates A, B, and C, after adjustment 
to the required pH and electrolyte concentration, were subjected to the 
analytical procedures described below. Buffered solutions of 0.1 and 0.2 
ionic strength were used without causing significant differences in the experi- 


mental values that were obtained. 


TABLE I 
Electrophoresis of Sodium Nucleates of Tobacco Mosaic Virus 


Boundary mobilities X 10° (cm.? volt sec.~!) 


Nucleate pH 
Ascending Descending 
cS 3.49 —12.5 —11.3 
" 6.68 —14.5 —13.5 
B 6.54 —13.6 —13.0 


Electrophoresis —The electrophoretic mobilities of Nucleates B and C were 
studied in a Tiselius apparatus equipped with a Longsworth optical system 
24). Sodium nucleate solutions containing 1.3 mg. per ec. were subjected 
to electrophoresis in 0.02 N veronal buffer containing 0.08 n sodium chloride. 
The materials were electrochemically homogeneous and the symmetrical 
boundaries did not possess the artificial sharpness due to particle interaction 
ascribed to desoxyribosenucleic acid by other workers (25). The results 
are summarized in Table I. 

Determination of Partial Specific Volume—The partial specific volume of 
Nucleate C was found to be 0.578 ee. per gm. at 26°, by means of pyenome- 
ters weighed on a micro balance. The concentration of material was deter- 
mined from the phosphorus and nitrogen contents of the solution. 

Diffusion— Diffusion of the three types of nucleic acid was studied in the 
Neurath cell (26), the Longsworth schlieren seanning system being used to 
follow the concentration gradients in the boundaries. Diffusion curves ob- 
tained thereby were analyzed by the methods of Lamm (27). Magnifica- 


tion factors were corrected for in all eases. The diffusion constants caleu- 
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lated from the height-area and the inflection point methods agreed in the 
case of the Nucleates B and C to within 4 percent. The theoretical curves 
calculated from the average diffusion constants were almost exactly con- 
gruent to the experimental curves. When the values for diffusion constants 
calculated by the two methods did not agree to within 4 per cent, the curves 
were analyzed by the method of moments (28), which yielded average dif- 
fusion constants. The diffusion of the Nucleate A gave abnormal, but 
symmetrical, curves at concentrations up to 0.6 per cent. The polydisper- 
sity which was indicated by these latter analyses was not apparent in the 


TasLe Il 
Ph ysical Constants, Size, and Shape of Virus Nucleats 1. B. and C 
Freshly isolated =| decamposed Nuce- | of 
ucleate A ons ‘Bi 
335 
Preparation No 1 2 3 1 ? 452 
pH of analy zed solutions $9 19 a) 6S 6S $9/)68 
Sedimentation constant, Soo X 10 7.7| 8.6* 8.3 3.41) 5.79) 4.53] 2.4] 
Diffusion constant, Deo X 107 2.44* 1.63) 3.32) 5.22) 3.57! 9.39 
Intrinsic Viscosits [n] 62.4) 62.4 27 8 12 St 
Asymmetry (axial ratio 
Viscosity 27 27 16} 07 
Ses, Dac 32* 61 10) 13 31 9.7 
Molecular weight X 108 
Soo, [n] 150) TSO" 15 
Deo 200) 200) 59 63 70 15 
Osmotic pressure >) 59 54 16t 
* These values are derived from data extrapolated to infinite dilution. Syo values 


at 0.36, 0.60, and 1.0 per cent were 7.5, 6.6, 5.9, respectively; Doo values at 0.36 and 
0.60 per cent were 2.34 and 2.06, respectively 

+ These data were obtained in a buffer consisting of 0.1 m (NH,).SO, and 0.01 
acetate at pH 4.9, which was used for all analyses obtained at that pH. The veronal 


buffer at pH 6.8 described previously was used in the remaining determinations. 


curves obtained in the diffusion of the spontaneous decomposition products 
derived from this polydisperse material. The results are summarized in 
Table IT. 

Sedimentation—Preparations of Nucleates A, B, and C were examined by 
Dr. M. A. Lauffer in an analytical ultracentrifuge (29, 30), equipped with a 
Svensson-Philpot optical system (31). The sedimentation constants ob- 
tained in solutions of 0.1 or 0.2 ionie strength were caleulated from the 
position of maximal height in the approximately symmetrical boundaries. 
Single boundaries were always observed but the correlation of boundary 


spread and diffusion was not determined. Nucleate A was clearly inhomo- 
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geneous; the degree of homogeneity in Nucleates B and C was considerably 
greater, and sharp boundaries were obtained which spread quite slowly. 
As the decomposition of Nucleate A progressed from week to week at pH 5, 
the sedimentation curve was displaced with a gradual decrease in Soo, till 
the asymptotic Soo of Nucleate B was obtained. No resolution of Nucleate 
A or B was obtained during this decomposition despite considerable differ- 
ences in Soo. The sedimentation constants obtained for the different prep- 
arations are given in Table II. 

Osmotic Pressure—Measurements were made in the osmometer devised 
by Northrop and Kunitz (32), at 4° in buffered solutions of 0.1 and 0.2 ionic 
strength. Measurements obtained in solutions of molar ammonium sulfate 
were indicative of larger molecular weights. The hydrostatic pressure pro- 
duced by Nucleate A was inadequate for accurate measurements; in the 
case of Nucleates B and C, pressures of 50 to 100 mm. of water were ob- 
tained, depending on the concentration used. Effective concentration was 
estimated from the phosphorus content inside and outside of the collodion 
membrane. Calculations of molecular weight were made, assuming the 
validity of van’t Hoff’s law in the systems investigated (33). The data 
are given in Table II. 

Viscosity—Viscosity measurements were made at 25.1° in a special Ost- 
wald viscometer designed by Lauffer to keep the rate of flow low and hence 
to reduce partially the orienting influences which produce anomalous vis- 
cosity (33, 34). Calculations of asymmetry were made according to the 
Simha equation relating intrinsic viscosity and axial ratio (35). Intrinsic 
viscosity is defined as the specific viscosity divided by the particulate vol- 
ume fraction per gm., in the range of linear proportionality between specific 
viscosity and concentration (33). The assumption was made that the 
particles behaved as rigid rods, rather than as disks. 

The viscosity data which are presented in Fig. 1 and Table II show that 
the asymmetries of the preparations are in the order, A>B>C._ Prepara- 
tion 2 of Nucleate C in Fig. 1 was obtained by treatment of a mixture of 
Nucleates A2 and B2 with 5 per cent sodium hydroxide for 2 hours at 4°. 
The viscosity of this material was determined after neutralization with 
acetic acid, dialysis against distilled water, and adjustment to the proper 
concentration in veronal buffer at pH 6.8. Osmotic pressure measurements 
demonstrated the low molecular weight of Nucleate C2. Material obtained 
in this manner, therefore, corresponded exactly to the Nucleate C isolated 
from alkali-denatured virus. 

Preparations of Nucleate A were examined approximately 1 week after 
heat denaturation of the virus, while preparations of Nucleate B were ex- 
amined after approximately | month of spontaneous decomposition. 
Preparations of the same number in Fig. 1 were from the same batch of 
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virus. Nucleates Al, A2, B2, and C in Table IT correspond to Preparations 
Al, A2, B2, and C4, respectively, in Fig. 1. 

Optical Properties Neutral gels of Nucleate A, when examined by means 
of a polarizing microscope, showed spontaneous birefringence, while gels 
of Nucleate C and alkaline gels of Nucleate A did not possess this property, 

Estimations of Molecular Weight and Asymmetry—Moleeular weights 


. " A- Freshly wolated VNA 
is B - Spontaneously decomposed VNA 
C - Alkali treated VNA 


O - Preps 

1.20 O- Prep 2 
© - Prep 3 oO 
O - Prep 4 


1.10 





1.00 ! . : 
0 1 2 3 4 5 6 7 8 


Na nucleate - mg per cc 


Fic. 1. Relative viscosity of solutions of virus ribonucleate (VNA 


were calculated from sedimentation, diffusion, and partial specific volume 
data, by means of the Svedberg equation. Calculations of asymmetry, 
assuming rod-shaped non-hydrated particles, were made from the frictional 
ratios. With the same assumptions, frictional ratios were estimated from 
the asymmetry determined by means of viscosity data. Molecular weights 
were also calculated (17) from these frictional ratios and the sedimentation 
or diffusion constants. 
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The molecular weights and asymmetries of Nucleates B, C, and Prepara- 
tion 2 of Nucleate A probably represent materials dispersed at infinite dilu- 
tion. ‘The diffusion constants of Nucleate C at 0.1 and 0.7 per cent were 
approximately the same, permitting the use of data obtained at 0.7 per cent 
as data extrapolated to infinite dilution. The sedimentation constants of 
Nucleate B in the range of 0.4 to 1.0 per cent were approximately the same, 
permitting the use of data obtained at a single concentration within this 
range as data extrapolated to infinite dilution. In the case of Nucleate A, 
both sedimentation and diffusion constants varied as a function of concen- 
tration. The values of Soo and the frictional ratios determined at specific 
concentrations and extrapolated to infinite dilution were then used in the 
estimation of molecular weight and asymmetry for Preparation 2 of Nu- 
cleate A. The extrapolation to infinite dilution is implicit in the estimation 
of intrinsic viscosity. These calculations and the data on which they are 
based are assembled in Table IT. 

Electron Microscopy—Preparations of Nucleates A and B were examined 
in the electron microscope by Dr. T. F. Anderson, RCA Fellow of the 
National Research Council. Particles of these nucleates were invisible in 
the electron micrographs obtained; hence, the conclusion may be drawn that 
two dimensions of the particles are no greater than the present lower limit 
of resolution of the instrument, which is considered to be about 30 to 50 A, 


DISCUSSION 

The molecular weights and asymmetries of the three nucleates determined 
by various independent methods are in agreement despite the many as- 
sumptions used and the state of development of the theory on the behavior 
of elongated particles in solution. The evidence that molecularly dispersed 
nucleic acid approximates a tetranucleotide in size is quite scanty (36, 37). 
Recent physical evidence on this question, as well as that presented in this 
paper, is in opposition to this view. The molecular weight of about 15,000, 
which was found for the degraded Nucleate C, indicated about 45 nucleo- 
tides per molecule. Furthermore, the postulated purine to pyrimidine 
ratio of 2:2 has not been thoroughly proved. Loring found that the virus 
nucleic acid contained less purine than was to be expected, assuming this 
theoretical ratio. The nitrogen to phosphorus ratio in this material has 
consistently been less than the theoretical value of 3.75, a fact which might 
be expected from Loring’s purine data. In any case, there is at present no 
evidence that a unit smaller than 15,000 and larger than a nucleotide exists 
as a fundamental unit of the virus nucleic acid. 

It is considered that of the three preparations of Nucleate A described in 
Table II, Preparation 3 most closely approximated the undecomposed Nu- 
cleate A. Extrapolation of the data on Preparation 3 to infinite dilution 
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after the manner accorded the data on Nucleate A2 yielded a molecular 
weight of approximately 300,000, a value corresponding toabout one-eighth 
of the total nucleic acid per mole of virus. Since the isolation procedure 
only involved heating to 100° for 1 minute, it is possible that the nucleic 
acid thereby obtained closely approximated its native size, since there is no 
evidence that such treatment greatly affects the state of polymerization of 
any type of nucleic acid. A particle of nucleic acid having a molecular 
weight of approximately 300,000 would therefore represent one of eight such 
nucleic acid units within the virus molecule. This is the first type of ribose- 
nucleic acid observed to be spontaneously birefringent, and this latter prop- 
erty further attests to the great weight and asymmetry of these particles, 

Assuming a cylindrical rod with a minimal asymmetry of about 30, the 
minimal length of such a particle would be about 700 A. This particle 
would be at least 4 times too long to fit within the width of the virus mole- 
cule, while eight such particles, arranged end to end, would be 2 times too 
long to fit within its length. It is probable, therefore, that the nucleic acid 
particles are bound individually along the length of the virus molecule. 
Union at or near the surface is considered likely because of the high yields 
of the nucleic acid that are readily obtained. 

It is advantageous to examine the data on Nucleates B and C in order to 
interpret further the data on Nucleate A. From the asymmetry, the aver- 
age molecular weight of 15,000, and nucleotide dimensions suggested by 
Astbury and Bell (38), the approximate particle dimensions of Nucleate C 
were calculated to be 150 A. X 15 A. Nucleate B was found to have a 
molecular weight of 61,000 + 4000 in three different preparations, with a 
considerable variation in asymmetry. That these variations are significant 
is proved, for example, by the diffusion constants, which show a spread 
among various preparations of over 50 per cent, but which were reproduc- 
ible for the same preparation to within 4 percent. The lowest asymmetries 
were obtained for preparations analyzed about a month after isolation, and 
this is interpreted as a deviation from linear structure with time. The 
asymmetry of one preparation, as estimated from viscosity measurements, 
was observed to fall slowly from 33 to 25 over a 2 week period, while the 
molecular weight, from osmotic pressure measurements, remained constant. 
The data on Nucleate B1 in Table II were obtained in 3 to 7 days after 
isolation. Both weight and length of the particles were estimated to be 4 
times greater than those of Nucleate C and the dimensions were calculated 
to be 600 A. X 15 A. From an average nucleotide weight of 330, an inter- 
nucleotide distance of 3.3 A. may be calculated in both types of particle. 
This distance has been observed in x-ray measurements on desoxyribose- 


nucleic acid (38). 
Since Nucleate B seems to consist of units of Nucleate C polymerized end 
to end in a manner permitting ready deviation from the apparently natural 
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linear form, the hypothesis may be proposed that Nucleate A similarly con- 
sists of units of Nucleate C polymerized end to end. The data would indi- 
eate that a reduction in asymmetry occurs, perhaps owing to coiling, kink- 
ing, etc., comparable to the phenomenon observed in the case of Nucleate 
B. Similar asymmetry reductions have been observed by Signer in the 
ease of polystyrene threads (39). From the molecular weight of 300,000 
and, assuming the same cross-sectional area as that of Nucleates B and C, 
a length of 3000 A. was calculated for Nucleate A. On the basis of these 
assumptions, the conclusion may be reached that the native nucleic acid 
exists in thread-like molecules, the length of which is that of the intact virus 


molecule. 


We are indebted to Dr. M. A. Lauffer and Dr. G. L. Miller of this labora- 
tory for assistance on questions of technique and interpretation during the 
course of this work. 


SUMMARY 


Protein-free ribosenucleic acid has been isolated from heat-denatured 
tobacco mosaic virus. Data are presented on the electrophoresis, partial 
specific volume, diffusion, sedimentation, viscosity, electron microscopy, 
osmotic pressure, optical properties, and elementary composition of this 
material and its derivatives. Freshly isolated nucleic acid has an average 
particle weight of 300,000 and is highly asymmetric. It decomposes spon- 
taneously to form asymmetric particles having a molecular weight of ap- 
proximately 61,000. Both of these molecules appear to be too long to lie 
within the width of 150 A. of the virus molecule. These materials may be 
converted with cold alkali to particles having a molecular weight of 15,000 
and an axial ratio of 10. Problems of virus structure and properties of 


ribose- and desoxvribosenucleic acid are discussed. 
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tecently Seligman and coworkers (1) reported that vitamin K, has such 
a persistent and prolonged action that a single small dose is adequate for 
the treatment of even severe cases of hypoprothrombinemia, and may well 
do the work of repeated doses of other related antihemorrhagic agents. 
This point has been emphasized by Fieser (2). In the course of our work 
on the determination of vitamin K,, it was found that the vitamin is 
remarkably stable in whole blood (3). More recently we reported that 
2-methyl-1 ,4-naphthoquinone reacts with whole blood, and, unlike vita- 
min KX,;, this substance causes a marked methemoglobin formation (4). 
A rapid method for the determination of the methylnaphthoquinone has 
now been devised and used to study the reactions of this compound with 


whole blood and plasma. 


Method 


To 10 ce. of a solution containing the naphthoquinone, 4 ce. of cysteine 
solution! (25 mg. per cent) and 1 ec. of N sodium hydroxide are added. 
Within 15 minutes, an intense, stable, yellow color is formed. These 
colored solutions absorb maximally at 4400 A. as shown in Fig. 1. Al- 
though a filter transmitting maximally at this wave-length would ordinarily 
be desirable, a blue filter with maximum transmittance at 4050 A. has been 
used to calibrate the Evelyn colorimeter against solutions containing 1 to 
10 y of the naphthoquinone per ce. 

Determinations can be performed rapidly within an error of +3.6 and 
a maximum deviation of 10 per cent. The same results are obtained 
whether the naphthoquinone is dissolved in water or alcohol, or mixtures 
of the two solvents. The addition of aqueous reagents to alcoholic blood 
filtrates causes turbidity due to the precipitation of lipid material. This 
is avoided by adding 3 ec. of ether to 10 ce. of alcoholic filtrate followed by 
| ec. of eysteine hydrochloride solution (100 mg. per cent) and 1 ee. of 0.1 


! Fieser reported (2) that evsteine reacts with 2-methylnaphthoquinone to give a 
highly colored produet 
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N sodium hydroxide. The same calibration curve is obtained and the 
accuracy of the method remains unaltered (Fig. 2). The method is directly 
applicable to the determination of the water-soluble, sodium 2-methyl- 
1 ,4-naphthoquinone-3-sulfonate. When the factor 0.628 was used for 
conversion of the sulfonate to terms of free methylnaphthoquinone, tripli- 
cate determinations gave 100 per cent (+1) recoveries. The simplicity, 
reproducibility, and flexibility of the method are notable. 

We have not extensively investigated the nature of substances which may 
interfere in this test, since none is normally found in whole blood filtrates 
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hie. 1. Relative transmittance of a solutionof the eysteine color reaction (Curve 1), 
the No. 400 filter (Curve 2), and an alkaline solution of phthiocol (Curve 3) 

Fig. 2. Calibration of the Evelyn colorimeter equipped with a No. 400 filter. The 
transmittance is plotted against micrograms of 2-methyl-1, 4-naphthoquinone per 
ee. of solution. The color was developed in aqueous solutions (©), in alcoholic 
solutions (+), or in aleohol-ether solutions (A). 


or plasma. Unlike 2-methyl-1,4-naphthoquinone, the 2,3-dimethyl 
derivative does not give the color reaction. Large concentrations of vita- 
min kK, give a slight amount of color. Phthiocol interferes only in that it 
imparts a red color to the solution when alkali is added. This red color, 
which absorbs sharply at 4750 A. (Fig. 1) is more efficiently removed by a 
No. 400 than a No. 440 filter. 

Experiments with Plasma—Recovery experiments were performed as 
follows: Varving amounts of the methylnaphthoquinone dissolved in 0.5 
ee. of 50 per cent alcohol were added to 10 ec. portions of a fresh sample of 
plasma. At the time intervals stated in Table I, aliquots were withdrawn 
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and analyzed directly without deproteinization as follows: 1 ce. of plasma 
was diluted to 10 ce. with water, and 4 ec. of cysteine solution (25 mg. per 
eent) and | ec. of N sodium hydroxide were added. The control sample, 
containing no naphthoquinone, gave no color and was used to indicate 100 
per cent transmittance.? The remaining samples were read then in the 
Evelyn colorimeter. 

The recovery of added methylnaphthoquinone falls within 5 per cent of 
the theoretical if the analyses are performed within 30 minutes after the 
addition of the methylnaphthoquinone to the plasma (Table 1), but the 
recovery diminishes with time. When the test was performed at the 5 
hour interval, a pronounced red tint was observed in the test solutions. 

This red color, uncomplicated by the cysteine reaction, was studied di- 
rectly by omitting the cysteine from the test procedure. Control solutions 
of the methylnaphthoquinone in water remained essentially colorless, 
whereas the plasma samples developed a red color. The intensity of this 


TaBLe I 
Recovery of Added 2-Methyl-1,4-naphthoquinone from Blood Plasma 


The values are expressed in micrograms per ec. of plasma. 


Recovery 
Sample No Added 2-methy]- a 
— p 1,4-naphthoquinone : 
0.5 hr 1 hr. 5 hrs. 
l 0 0 0 0 
2 53 53 37 24 
3 95 99 78 70 
! 177 173 158 151 


color increased with the naphthoquinone concentration. The color de- 
velopment reached a maximum 15 minutes after the addition of the alkali 
and the depth of color was the same whether the plasma was treated with 
alkali 15 or 60 minutes after the preparation of the plasma samples. The 
compound responsible for this red color shows the properties of phthiocol 
in that it is reversibly reduced by sodium hydrosulfite; it is red in alkaline 
solution from which it can be removed by dialysis; it is yellow in acid 
solution from which it can be extracted with ether; and it is extracted from 
ether solutions by sodium carbonate solutions to which it imparts a charac- 
teristic red color. 

Since the isolation of the minute amount of phthiocol from the plasma 


? The same general procedure has been used throughout. A single sample of blood 
was used for each series of experiments. An aliquot used for control purposes was 
treated as in the test samples with the single exception that no methylnaphtho- 
quinone was added. These control samples were always used to indicate 100 per cent 


transmittance. 
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samples is impracticable, model experiments were performed. The iden- 
tity of the product was established as follows: To a liter of water saturated 
at room temperatures with the methylnaphthoquinone (120 mg.), 20 gm, 
of glucose and sodium hydroxide to a final concentration of 0.15 N were 
added. After 45 minutes of occasional shaking, the solution was acidified, 
extracted with ether, and the phthiocol was removed from the ether phase 
with dilute sodium carbonate solution. The carbonate solution was acidi- 
fied and the phthiocol was again removed with ether. The ether was 
washed and dried, and, on evaporation of the ether, about 40 mg. of produet 
were obtained. Recrystallized from acidulated water and then from 
hexane, the product melted at 171-172° and the melting point was not de- 
pressed when the sample was mixed with a pure specimen of phthiocol. 


C,H.O Caleulated, C 70.26, H 4.29; found, C 70.56, H 4.29 


The effect of alkali and glucose, a normal constituent of plasma, upon the 
rate of conversion of the methylnaphthoquinone to phthiocol was studied. 
By means of the same extraction procedures employed in the isolation 
experiment, the rates were followed by the development of the red color 
with time. It was found that, in solutions of 0.01 and 0.1 N sodium hy- 
droxide at room temperature with constant shaking, the methylnaphtho- 
quinone is oxidized to phthiocol, and that the rate of oxidation is markedly 
accelerated by the presence of 1 per cent glucose. 

From these model experiments it would appear that the product formed 
on the addition of alkali to samples of plasma containing the methyl- 
naphthoquinone is phthiocol. It would seem reasonable to suppose that 
the product formed in the plasma samples at physiological pH values, 
though generated more slowly, would be the same. However, the over-all 
reaction with plasma is not as simple as this. A major portion of the 
naphthoquinone interacts with the plasma proteins as shown in the follow- 
ing experiments. 

Varying amounts of the naphthoquinone (0, 0.5, 1.0, and 2.0 mg.) 
dissolved in 0.5 ec. of 50 per cent aleohol were added to 10 ce. portions of a 
freshly drawn sample of plasma, and these were stored in the dark at room 
temperature. Aliquots were withdrawn at the time intervals stated in 
Table Il, and analyzed as follows: 1 ec. of plasma was pipetted into 9 ce. 
of absolute alcohol and after 5 minutes the proteins were separated by cen- 
trifugation. The proteins were washed with 2 ec. of alcohol and centri- 
fuged, and again with 3 cc. of absolute ether. Supernatant liquids were 
decanted through the same dry filter. The filtrate volume was adjusted to 
13 ec. with ether and 1 ec. of cysteine solution (100 mg. per cent) and 1 ee. 
of 0.1 N sodium hydroxide were added. The colors were read as usual. 

The results (Table II) indicate that the naphthoquinone is rapidly ad- 
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sorbed by, or undergoes addition reactions with, the plasma proteins. The 
protein precipitates from the 5 and 15 minute samples were redissolved in 
water and the precipitation was repeated, but none of the missing naphtho- 
quinone was recovered. This would seem to indicate that the methyl- 

aphthoquinone is not bound to the proteins in a simple reversible type of 
adsorption. Although it may be supposed that the alcoholic precipitation 
may denature the proteins and thus produce irreversible changes, 2 ,3- 
dimethyl-1 ,4-naphthoquinone and vitamin K, are quantitatively recovered 
from alcoholic filtrates of whole blood or plasma. The linkage of the 
naphthoquinone to the plasma proteins is reversed by the cysteine reaction. 
When the protein precipitates from the 5 and 15 minute samples were re- 
dissolved in water, and tested directly by the cysteine reaction, practically 
all of the missing naphthoquinone was recovered (see also Table I). How- 
ever, sodium 2-methyl-1 ,4-naphthoquinone-3-sulfonate® gives the cysteine 


Tas_e II 
Recovery of Added Methylnaphthoquinone from Blood Plasma following Protein 
Precipitation 


The values are expressed in micrograms per cc. of plasma. 





Added Recovery 
Sample No. methylnaphtho- 
— 5 min. 15 min. 1 hr. 4.5 hrs. 22 hrs. 
] 0 0 0 0 0 0 
2 47.6 32 28 IS 10 5 
3 95.2 65 59 43 38 28 
4 190.0 130 124 116 111 85 


reaction as the result of the replacement of 3-sodium sulfonate grouping. 
A union of the methylnaphthoquinone with the plasma proteins seems to be 
implicated. 

As previously noted (4) a slow, irreversible change occurs in the course 
of the reaction of the methylnaphthoquinone with plasma, and this change 
involves an air oxidation which produces a yellow color. Addition of 
alkali changes this color from yellow to red. The intensity of color im- 
parted to the plasma is proportional to the quinone concentration and 
increases with time. The product which yields this color does not give the 
cysteine reaction. It is reversibly reduced by sodium hydrosulfite. It is 
not separated in acid, neutral, or alkaline solution from the plasma proteins 
by dialysis. It remains with the protein upon alcoholic precipitation and 


* The structure assigned by Moore (5) to this material (hykinone) has recently 
been critized by Baker et al. (6). These workers report that the strongly antihemor- 
rhagic bisulfite addition compound of 2-methyl]-1,4-naphthoquinone does not possess 
a sodium sulfonate grouping in the 3 position. 
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goes back into solution when the proteins are redissolved in water. Thus, 
the water-insoluble naphthoquinone has been converted to a water-soluble 
substance, and at this stage the naphthoquinone, clearly, is linked to the 
proteins. 

Experiments with Whole Blood— Aqueous solutions of sodium 2-methyl- 
| ,4-naphthoquinone-3-sulfonate* were added to oxalated samples of whole 
blood, and aliquots were centrifuged 15 and 60 minutes after the prepara- 
tion of the solutions. 1 cc. samples of the plasma, analyzed directly with- 
out protein precipitation, gave recoveries of 116 (+3) per cent, indicating 
that this product is not distributed equally between the plasma and cells, 
Methemoglobin is slowly formed, becoming significant only 30 to 60 min- 
utes after the product is mixed with the blood. 

Similar experiments performed with 2-methyl-1 ,4-naphthoquinone 
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Fic. 3. Relative transmittance of a sample of dog blood at 1:500 dilution (Curve 
1), after 30 minutes exposure to 0.1 volume of saline saturated with 2-methyl-1,4 
naphthoquinone (Curve 2), and after treatment with ferricyanide (Curve 3). 


gave entirely different results. Within 2 minutes after the blood was 
mixed with solutions of 0.9 per cent saline saturated at room temperatures 
with the naphthoquinone (119 y per ce.), there was a noticeable appear- 
ance of methemoglobin. It was definite at 5 minutes, pronounced at 15 
minutes, and increased to the extent shown in Fig. 3 at 30 minutes. 

Since the solubility of 2-methyl-1 ,4-naphthoquinone in water is rather 
low, it was necessary in these experiments to use 4 to 10 ce. samples of 
plasma for the analyses. A single large sample of oxalated blood was used, 
and 2 cc. of saline, saturated at room temperature with the naphthoquinone, 
were added to 18 cc. portions of the blood. For each determination a con- 
trol, containing no naphthoquinone, was set up. Samples and their con- 
trols were centrifuged 5, 15, and 60 minutes after their preparation and the 
plasma was tested without protein precipitation. Recoveries of 30, 19, 
and 20 per cent, respectively, were obtained 5, 15, and 60 minutes after the 
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preparation of the samples. With blood from a different dog the recoveries 
after 5 and 15 minutes were 16.5 and 12 per cent. The erythrocytes were 
laked and a variety of precipitants and extractions were tried in unsuccess- 
ful attempts to recover the naphthoquinone or phthiocol. 

To determine whether similar phenomena were observed in vivo, 50 to 
70 mg. of 2-methylnaphthoquinone in acacia suspension were administered 
by stomach tube to each of six rats. These rats, weighing 200 to 250 gm., 
were decapitated 1, 2, 3, 4, 5, and 16 hours after the administration of the 
drug and blood samples were collected with oxalate. Each animal showed 
a marked methemoglobinemia but direct analysis of the plasma showed no 
free naphthoquinones. 

It appeared that the antihemorrhagic activity of 2-methyl-1 ,4-naphtho- 
quinone might be destroyed as a result of its interaction with whole blood. 
Therefore, 1 mg. of the naphthoquinone in 0.5 cc. of 50 per cent alcohol 
was added to 10 ce. of fresh blood, and 30 minutes after the preparation of 
the sample, 1 ee. of blood was diluted to 10 ec. with water, and 0.1 ec. of the 
diluted blood (0.95 y of the naphthoquinone added) was administered by 
stomach tube to vitamin K-deficient chicks. In a second series, normal 
saline saturated at room temperatures with the naphthoquinone was added 
to whole blood to give a concentration of 1.0 y per 0.1 cc. of undiluted blood. 
This sample was assayed at 1 and 3 y levels. Dr. W. L. Sampson, who 
conducted the chick assays, advises us that the samples as tested possessed 
an activity equivalent to less than 0.5 y of 2-methyl-1 ,4-naphthoquinone. 

From these experiments it would appear that the naphthoquinone is 
rapidly converted to a water-soluble product as a result of its interaction 
with whole, unlaked blood. There is a concomitant loss of antihemorrhagie 
activity and a methemoglobin formation which increases with time. 


SUMMARY 


A rapid colorimetric method for the determination of 2-methyl-1 ,4- 
naphthoquinone has been devised on the basis of the reaction with cysteine 
in alkaline solution. The method is directly applicable to the determina- 
tion of sodium 2-methyl-1 ,4-naphthoquinone-3-sulfonate. 

When added to plasma, 2-methyl-1,4-naphthoquinone is, in part, ad- 
sorbed by or undergoes addition reactions with the plasma proteins. Both 
the free and the conjugated forms of the naphthoquinone undergo an ir- 
reversible air oxidation. 

When added to whole, unlaked blood, the naphthoquinone produces 
methemoglobin formation and as much as 70 to 90 per cent of the naphtho- 
quinone is converted to a water-soluble product within 5 minutes after 
admuxture with the blood. This product appears to be devoid of anti- 
hemorrhagic activity. Following oral administration of the naphtho- 
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quinone to rats, there was a marked methemoglobinemia, but the un- 
changed naphthoquinone could at no time be recovered from the blood. 
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THE ACTION OF PAPAIN ON BEEF SERUM PSEUDOGLOBULIN 
AND ON DIPHTHERIA ANTITOXIN 


By MARY L. PETERMANN 


(From the Department of Chemistry, University of Wisconsin, Madison) 
(Received for publication, May 14, 1942) 


It is generally believed that the proteolytic action of papain differs from 
that of enzymes of animal origin such as pepsin and trypsin. Annetts (1) 
found that when egg albumin is treated with papain-cyanide at pH 5 the 
course of digestion is marked not only by a progressive increase in material 
of low molecular weight but also by changes in the remaining albumin 
molecules. From ultracentrifugal and electrophoretic evidence it ap- 
peared that no unchanged egg albumin remained in the digests. In con- 
trast to this, Tiselius and Eriksson-Quensel (20) showed that during the 
digestion of egg albumin by pepsin the remaining heavy protein retains 
the physical and immunological properties of native egg albumin, even 
when a considerable fraction of the albumin has been split into fragments 
of low molecular weight. Lundgren (6) has shown that crystalline papain 
catalyzes the denaturation of thyroglobulin prior to hydrolytic fissure of 
the protein. Papain also inactivates typhoid agglutinins which are 
resistant to pepsin and trypsin (16), and ragweed pollen extracts resistant 
to pepsin, trypsin, and erepsin (7). Whereas pepsin acts at hydrogen ion 
concentrations at which its substrate is positively charged, and trypsin 
on negatively charged proteins (8), papain has its pH optimum at 5.0, 
near the isoelectric point of most proteins (21). 

In view of the destructive action of papain on other proteins, the finding 
by Pope (14) that active horse diphtheria antitoxin can be recovered from 
antibody treated with papain, as well as with pepsin and trypsin, is sur- 
prising. It seemed of interest to determine whether this protein was 
unique in its resistance to the enzyme, or whether the action of papain 
might be less severe than has generally been thought. 

An ultracentrifugal analysis of the action of papain on beef serum pseudo- 
globulin and on diphtheria antitoxin has therefore been made. These 
proteins have the advantage, as shown previously (11, 12), that their 
primary and secondary cleavage products are still large enough to retain 
their protein characteristics, and to sediment easily. In the case of the 
antitoxin Pope’s finding has been confirmed and the sedimentation 
properties and flocculation behavior of the digests have been studied. 

Materials—The beef serum pseudoglobulin was prepared by ammonium 
sulfate fractionation and dialysis, as previously described (11). 
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The antitoxin was the purified pseudoglobulin, 35 per cent precipitable 
by toxin, whose splitting by pepsin has been studied in this laboratory (12), 

The papain was a commercial preparation, papain, Merck, except in 
one experiment for which a small amount of the erystalline papain pre- 
pared by Balls and Lineweaver (2) was available. These crystals, sup- 
plied to this laboratory several years ago through the kindness of Dr, 
A. K. Balls, had retained only 1 per cent of their activity. Freshly erys- 
tallized papain cannot be obtained at the present time. 








Procedure—The beef pseudoglobulin was digested by the method of | 


Annetts (1). The papain was ground in a mortar with 0.2 m acetate buffer, 
pH 5.0, and suspended in buffer. Equal amounts of 2 mM KCN and 2 x 
acetic acid were added, and the suspension stoppered tightly and kept 
at 40° for 2 hours, to activate the enzyme. Pseudoglobulin in acetate 


buffer, containing about 40 mg. of protein per ce., was then added, and the | 


mixture kept at 40°. The digests contained about 2 per cent protein. 
After various time intervals samples were withdrawn from the digest 
and transferred to Visking bags for dialysis against phosphate-borate 
buffer, pH 7.1, containing 1 per cent sodium chloride. In some experi- 
ments the hydrogen cyanide was removed in vacuo, but this was found to 
be unnecessary when the digest and the first change of dialysis buffer were 
made 0.5 per cent in hydrogen peroxide by the addition of Merck’s super- 
oxol, and the buffer was chilled before use. Further details of the pro- 
cedure are shown in Table I. 

The antitoxin was digested as described above, and also by Pope’s 
procedure (14). The ground papain was suspended in water and acti- 
vated with thioglycolic acid for 30 minutes at room temperature. The 


insoluble material was then removed by centrifugation and an aliquot of | 


the supernatant adjusted to pH 4.0 with solid sodium bicarbonate. 
Enough antitoxin was added to make a 1.4 per cent solution, and the pH 
was adjusted to 4.1 with solid citrie acid. The digestion mixture was 
heated at 50° for 45 or 90 minutes, then chilled. The enzyme was in- 
activated with hydrogen peroxide and the digest set in the refrigerator 
overnight. A gelatinous precipitate was removed by centrifugation 
and the supernatant dialyzed against cold buffer as above. 

A portion of the digest was heated at 58° for 30 minutes at pH 4.2 in 
5 per cent sodium chloride. Pope (15) has shown that under these condi- 
tions the antitoxie fragments formed by peptic digestion at pH 4.2 are 
soluble, whereas the inactive portion of the molecule is coagulated. The 
precipitate was removed by centrifugation, and the supernatant dialyzed 


against the phosphate-borate-chloride buffer. 
After dialysis, both heated and unheated solutions were tested for floecu- 
lation with purified diphtheria toxin (10). 
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determine the position of the boundaries in the cell. 
distance diagrams obtained after about 120 minutes of centrifugation at 
60,000 R.p.M. were resolved into their separate components, as indicated 


The non-dialyzable fractions of the digests were analyzed in the Sved- 
berg oil-turbine ultracentrifuge for their molecular mass spectra, as de- 


The Lamm scale method was used to 
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in Fig. 1. The relative amounts of the various components were deter. 
mined. The sedimentation constants of the predominating components 
could be measured accurately; those of the minor components are approxi. 
mate values, and are noted in Tables I and II. 

The diffusion constant of one sample of digested pseudoglobulin was 
measured in a Lamm cell. The boundary spreading was observed by the 
scale method, and the diffusion constant calculated by the method of | 
moments. | 

The untreated beef pseudoglobulin and some of the digests were also | 








Displacement 


Line 





Scale 











Distence in Cell 


Fic. 1. The digestion of beef pseudoglobulin by crude papain. The broken lines 
indicate the separate components. Curve 1, untreated pseudoglobulin. A small 
amount of X component is present. Curve 2, Experiment P6C, 1 hour digestion. 
Curve 3, Experiment P4A, 3 hours digestion. Curve 4, Experiment P4B, 6 hours 
digestion. Curve 5, Experiment P4D, 15 hours digestion. Curve 6, Experiment 
P4G, 55 hours digestion. 


examined in the Tiselius electrophoresis apparatus. Observations were 
made by means of the Svensson-Philpot schlieren system. 

The protein concentrations of all solutions were determined by the 
micro-Kjeldahl technique. In calculation of the amount of material left 
after dialysis, correction was made for any changes of volume during 
dialysis. 

The activity of both the crude and the crystalline papain was measured 
by the hippurylamide method (2). The crude enzyme was also assayed 
by the milk-clotting method (2). The amounts of papain given in Tables 
I and II represent only the non-dialyzable soluble protein in the prepara- 


tions used. 
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Results 


The results from the experiments on beef serum pseudoglobulin are 
given in Table I. For convenience the various components which appear 
in the sedimentation diagrams have been named after their sedimentation 
constants. Thus the s? component has s9 = 7 X 10-" cm. per second 
per unit of force, or 78. (svedbergs). The s? component is the unsplit 

globulin, and s°, s*, and s? are the non-dialyzable fragments formed from it. 

The small peak due to the papain is hidden in the s* peak. From Experi- 

ments P6 and P4, Table I, it may be seen that the amount of unsplit 

globulin decreases rapidly with the time of digestion. The first split- 
product, the s* component, increases in amount but later is further broken 
down into the s* and s* components, and then into fragments small enough 
to dialyze through cellophane. Representative line displacement-distance 

diagrams are shown in Fig. 1. 

Similar results were obtained in Experiment P5, when crystalline 
papain was used. After 2 hours digestion, the size distribution resembled 
that in Curve 4, Fig. 1; after 10 hours, that in Curve 5; and after 50 hours, 
that in Curve 6. 

The sedimentation constants found for the unsplit globulin and its 
various digestion products are given in Table I. From these it can be seen 
that the splitting of the protein proceeds in an orderly and reproducible 
fashion. There is no evidence of “denaturation.” Although the amount 
of unsplit protein decreases rapidly, its sedimentation characteristics 
remain the same. The variations in sedimentation constant with protein 
concentration, emphasized by Kabat in a careful study of the molecular 
weight of antibodies (4), are the same for the unsplit protein left in the 
digests as for the original pseudoglobulin. The greater spreading of the 
s’ peak in Curve 2 is in proportion to its greater height. The ordinates 
were reduced to one-half when this curve was plotted. 

The s* component has a sedimentation constant of 5.3 S. in dilute 
solution. This is similar to 5.4 8., the value found for the first  split- 
product in peptic digestion (11). Since, as shown in Curves 3 and 4, 
Fig. 1, the s* boundary is as sharp as that of a homogeneous protein, the 
first split-products must be approximately equal in size. The sedimenta- 
tion constant, 5.3 S., is about what would be expected for fragments of 
90,000 molecular weight, halves of the original pseudoglobulin. Since, 
in Experiment P4A, 42 per cent of the protein is in the s§ component, at a 
time when only 21 per cent has been lost, the possibility that the half 
molecules have been formed by the breaking off of small fragments must 
he ruled out; a splitting of the molecule in a plane normal to the long axis, 
as previously suggested (11), explains the results most satisfactorily. 
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For the s* component the average sedimentation constant is 3.7S. As 
js shown in Fig. 1, Curve 6, this component may be obtained relatively 
free of larger molecules, after sufficiently long digestion. The diffusion 
constant of this digest (Experiment P4G) was found to be 7.5 X 10-7 sq. 
em. per second. Because of the inhomogeneity of the material this value 
is only an approximate one; but it does indicate that the s* component 
consists of fragments of about 45,000 molecular weight, quarters of the 
original pseudoglobulin molecule. 

The small amounts of the s? component present indicate either that 
these fragments are small enough so that most of the component is lost 
on dialysis or that they are rapidly broken down into dialyzable fragments. 
The sedimentation constant of this material was not measured. 

Two control experiments were performed. In the first of these, Experi- 
ment P2D in Table I, no cyanide was added before the 2 hour activation 
period. Enough active enzyme was present, however, to split half the 
protein in 63 hours. The line displacement-distance diagram resembled 
Curve 2 in Fig. 1. The unactivated enzyme also showed some activity 
in the milk-clotting test, 0.16 unit per mg. of protein nitrogen, as com- 
pared with 2.4 units per mg. for the activated enzyme. In a second con- 
trol experiment, Experiment P3C in Table I, the enzyme was incubated 
for 2 hours at 40° with 0.3 per cent hydrogen peroxide. A very small 
amount of active enzyme remained even after this treatment, and some 
splitting of the pseudoglobulin subsequently took place. The unsplit 
protein, however, retained the sedimentation characteristics of the original 
pseudoglobulin, indicating that no denaturation had taken place under 
the conditions of digestion in 61 hours, 

The pseudoglobulin and two of the digests were examined in the Tiselius 
electrophoresis apparatus in phosphate-borate buffer, pH 8.05, ionic 
strength 0.10. The pseudoglobulin showed one broad but symmetrical 
peak, with a mobility of —2.2,' and a faster component with a mobility 
of —5.2,! comprising about 10 per cent of the total. After digestion for 
61 hours (Experiment P3B) the globulin showed a symmetrical peak with 
about the same amount of spreading, but a mobility of —1.2.! Pseudo- 
globulin digested for 61 hours with inactivated papain (Experiment P3C) 
showed one broad asymmetrical peak. The faster component had disap- 
peared, and the remaining material had an average mobility of about 
—3.0. It appeared to be a mixture of unchanged pseudoglobulin and 
some slightly faster moving material. No separation could be obtained, 
however. The rapid spreading of the globulin, and the small changes in 
mobility caused by digestion, make electrophoretic patterns of these 


! Electrophoretic mobilities are expressed in sq. em. per second per volt X 10°. 
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digests difficult to interpret, so no more electrophoresis experiments 


were attempted. 

Antitoxin—Horse diphtheria antitoxin digested by Pope’s method stil] 
flocculated with toxin. After 45 minutes digestion (Experiment AP,, 
Table II) the non-dialyzable protein left showed components with sedi- 
mentation constants of 5.8 and 4.0 8. The protein not precipitated by 
heating at 58° also flocculated with toxin, and its sedimentation constants 
were about the same. After 1} hours digestion (Experiment AP») much 
more proteolysis had taken place, but the sedimentation constants of the 
components were about the same, and active antitoxin was still present, 

Digestion by Annetts’ method, however, gave much better results, 
The antitoxie split-products had sedimentation constants of 5.3 to 5.9 8. 


s' = 








Uispiacemenft 


Seale Line 





Distance in Cell 
Fic. 2. Horse diphtheria antitoxin digested by erude papain. The upper curve 
in each section was obtained on the total digest. (A) The shaded portion = protein 
precipitated by toxin (Experiment AA,); (B) the shaded portion protein soluble 
at 58° (Experiment AA. c,). 


and 3.4 8., as shown in Table II. The antitoxin in Experiment AA, was 
22.5 per cent precipitable by toxin, as compared with 35 per cent pre- 
cipitable before digestion. Fig. 2, A shows the line displacement-distance 
diagrams for this digest. The clear area represents the supernatant 
after precipitation of the antitoxin with purified toxin; the scale is corrected 
for the dilution due to toxin addition. The upper curve is that obtained 
on the total digest, and the shaded area therefore represents the pre- 
cipitated antitoxin. No loss of the s* component is apparent. Fig. 2, B 
shows the line displacement-distance diagrams obtained in Experiment 
AA,e. Digestion has proceeded for a shorter time, and so a smaller 
amount of component s* is present. Here the shaded area represents the 
protein not precipitated on heating at 58°. 

From these experiments it appears that the digestion of horse antitoxin 


by papain is analogous to its splitting by pepsin (12,19) and trypsin 
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(9,17). The molecule is split into approximate halves, one of which carries 
the antitoxie activity and is soluble at 58°. These fragments are then 
split again, into quarters. None of the quarters is precipitable by toxin; 
but some of them, presumably from the antitoxin halves, are soluble 
at 58°. 


DISCUSSION 


Ultracentrifugal analysis thus provides evidence that papain splits 
beef serum pseudoglobulin and horse diphtheria antitoxin in an orderly 
and reproducible fashion, into halves, quarters, and dialyzable fragments. 
There is no evidence of ‘‘denaturation,”’ and the antitoxin halves resemble 
closely those obtained on peptic digestion, in solubility and precipitability 
by toxin as well as in size. 

In an interesting study of the action of crystalline papain Lineweaver 
and Hoover (5) showed that, although papain attacks native hemoglobin 
much less rapidly than it does denatured hemoglobin, it does digest the 
native protein. As further proof of the ability of proteolytic enzymes to 
act on native proteins they cite the formation of trypsin, pepsin, and 
chymotrypsin from inactive precursors. The retention of activity when 
antibodies, such as diphtheria and tetanus antitoxins (15, 18) and pneumo- 
coccus anticarbohydrate (3, 13), are split by proteolytic enzymes is further 
evidence for this hypothesis. 

The kineties of a process such as the enzymatic breakdown of a protein 
must be very complex, with primary, secondary, tertiary, and so forth 
cleavages proceeding at different rates. Although the amount of enzyme 
present is constant, the number of substrate particles competing for it is 
increasing, so that only with a great excess of enzyme would first order 
reactions be possible. From Table I it may be seen that the rate of dis- 
appearance of the s’ component is much more rapid than is the loss of 
non-dialyzable protein. If, in a study of the effect of proteolysis on a 
serum globulin, the loss of some function that depencs on the intact 
molecule is compared with the decrease in total protein, or increase in 
non-protein nitrogen, no parallelism in rate can be expected. If the fune- 
tion under observation is also a property of half molecules, it will be rela- 
tively more resistant to proteolysis; this is particularly true of the anti- 
toxins and pneumococcus anticarbohydrates. Substances such as the 
typhoid agglutinins studied by Rosenheim (16), which became resistant 
to the action of pepsin and trypsin but not to that of papain, may differ 
in resistance to primary or secondary cleavage. In view of the com- 
plexity of the processes involved, criteria of the extent of proteolysis 
should be interpreted with great caution. 
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SUMMARY 

1. Beef serum pseudoglobulin is split by papain into fragments with 
sedimentation constants of 5.3 and 3.7 svedbergs, corresponding to halves 
and quarters of the original molecule. The quarter molecules are further 
split into fragments small enough to dialyze through cellophane. 

2. Although the amount of intact globulin decreases rapidly as diges- 
tion proceeds, its sedimentation characteristics remain unchanged, indi- 
cating that no denaturation has taken place. 

3. Crystalline papain and crude papain split the globulin in the same 
way. 

1. Horse diphtheria antitoxin is split by papain into equal fragments, 
only one of which flocculates with toxin and is soluble at 58° at pH 4.2 
in the presence of 5 per cent sodium chloride. These fragments have a 
sedimentation constant of about 5.5 8., and appear to be approximately 
halves of the original molecule. These halves are further split into 
fragments of sedimentation constant 3.4 S., probably quarters of the 
original globulin. 


The author wishes to express sincere thanks to J. W. Williams for 
advice and encouragement in this work. The expenses of this investiga- 
tion were defrayed by the Wisconsin Alumni Research Foundation. 
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DISTRIBUTIONS OF ESTROGENS BETWEEN IMMISCIBLE 
SOLVENTS* 


By ALAN MATHER 


(From the Department of Biochemistry, St. Louis University Medical School, St. Louis, 
and the Research Service of the Worcester State Hospital, Worcester) 


(Received for publication, April 8, 1942) 


In the development of quantitative methods for the extraction and es- 
timation of small quantities of urinary steroids an investigation into cer- 
tain physical properties of the pure steroids became necessary. Exact 
data are few and have appeared only recently. Modern estimations of 
solubility of the estrogens were reported by Doisy et al. (1). Concerning 
the distribution of pure steroid hormones between immiscible solvents, 
only scattered reports appear in the literature. At the time of the pre- 
liminary report of the present paper (2), similar work on the solvent dis- 
tributions of the estrogens had been initiated in another laboratory, and 
Bachman and Pettit have since reported their results (3). 

Estimation of Estrogen—Practically all of the results to be reported were 
obtained by the use of bioassays, and colorimetric methods were used 
merely to confirm some of the results. The obvious advantages of color 
assay and the known difficulties arising from bioassay do not outweigh the 
fact that in any experimental approach the estimation of estrogenic com- 
pounds must ultimately be referred to their biological activity. Not only 
are the current color methods non-specific for any single individual among 
growing series of naturally occurring steroids, but the lability of many of 
the active compounds to physical treatment, as shown by the losses of 
physiological activity, can be controlled at present only by following 
biological potency. 

An important factor in the prevention of destruction is the elimination 
by bioassay of the additional manipulations necessary for purification of 
extracts for color assay, and in many instances the low concentrations of 
estrogen require the more sensitive bioassay procedures. 

Bioassay—_An adequate assay of mixed estrogen extracts of low potency 
requires ideally that the animal should be small (for greatest sensitivity), 
should belong to a highly uniform stock, and should be capable of being 
reused quite often over fairly long periods; the potency of all active com- 
pounds should be of the same order and show qualitatively the same physi- 
ological reaction for the test procedure selected. The latter conditions are 
necessary for even an approximate estimation of total estrogen in extracts 


* Aided in part by a grant from the Rockefeller Foundation. 
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containing estriol in order that the value be somewhere near that of the 
sum of the separate potencies of each estrogen. The biological action of 
estriol varies considerably with the test procedure used, and its low activity 
is attributable chiefly to its slower reaction. When administered with sub- 
minimal amounts of other estrogen, estriol may show a considerable “X 
substance” effect. Activity of the triol may be greatly increased by length- 
ening the period of administration, as shown in Table I. The use of in- 
jections in oil does not eliminate the necessity for a longer course of ad- 
ministration in mice.' Oil media have other disadvantages which reduce 
the usefulness of the assay animal, such as slow and variable absorption, 
encapsulation of injection areas which may release active material upon 
subsequent injection, and longer periods of recuperation between assays. 


TABLE I 


Biological Activities of Estrogens by Aqueous Assay Procedures 


Assay procedure Estrone Estriol a-Estradiol 
y per unt y per unil y per unit 
Doisy rat unit* (3 aqueous injections, 4} 
hrs. apart) 0.60 0.7-1.0 0.06 
Doisy mouse unit (same procedure as above) 0.04 >2 0.02 
Marrian mouse unit (4 aqueous injections, 
12 hrs. apart) 0.035 0.10 0.015 
Modified Marrian mouse unit (4 aqueous 
injections at 0, 9, 24, and 33 hrs.) 0.035 0.11 0.015 
* Values furnished by Dr. S. A. Thayer. The mouse assay values checked well 


with Dr. Thayer’s averages obtained by standardizing assays in this colony 


lor these reasons assays were conducted by a modification of the Mar- 
rian procedure which gave essentially the same biological activities for 
crystalline estrone, estriol, and a-estradiol as the original. Extracts were 
taken up in dilute alkali (0.001 nN NaOH) and the pH adjusted to approxi- 
mately 9 with phenolphthalein, the final volume being such as to contain 
approximately 1 unit in 2 ml. Each dose was divided into four injections 
which were administered subcutaneously into spayed mice at 8.00 a.m. 
and 5.00 p.m. on consecutive days. Smears of vaginal epithelium were 
made with moist cotton swabs on the evening of the 3rd day, morning and 
evening of the 4th day, and morning of the 5th day of assay, and evalua- 
tion of the results followed the recommendations of Doisy that leukocytes 
be entirely replaced by epithelial cells, with a majority of the cells kera- 
tinized. <A five point grading system was used merely for reference, the 


' Emmens (4) has reported extensive observations of these relationships. 
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two highest grades, corresponding to majority and total keratinization, 
being considered positive. 

Owing to the many assays demanded and to the limited amounts of ex- 
tract available in many instances, the pharmacological method of response 
curve readings from single dose administration to a large group of animals 
was replaced by a method of graded dosage. Except for the standardizing 
assays of stock solutions and final assays of critical fractions, groups of only 
three or four animals were assayed at any one dosage. For completely 
unknown titers a wide range was covered by four or five groups; for nar- 
rower ranges one group was assayed at the expected level, and one group 
each above and below that value. From the preliminary assays the ap- 
proximate level could usually be estimated, and final assays were run at 
the determined level and at 10 per cent above and below (1.8, 2.0, and 2.2 
ml. total), larger groups being used whenever possible. For a positive 
assay a plurality of positive responses in any dosage group was required. 

Since the complete assay of each preparation was spread over several 
assay periods (assays were begun twice each week) day-to-day variation 
in sensitivity of the colony was controlled in some measure, and con- 
flicting results could be checked by another reassay. The over-all results 
corresponded closely to those for the 50 per cent response at the test level 
required by the original Marrian procedure, as confirmed by the assay of 
standard stock solutions. The values of the animal units for the stand- 
ardized St. Louis colony are given in Table I. 

Colorimetric Assay—The color reaction used for the estrogens is a 
sulfuric acid method to be described more fully in a later report (5). While 
with proper control this or any other method of the Kober type is quite 
capable of reproducible results with pure hormone solutions, a certain 
amount of the steroid undergoes chemical change during even mild physical 
manipulation, and highly chromogenic degradation products may be con- 
centrated in the fraction containing the least estrogen. The estimates of 
steroid by non-specific color methods in such a case may easily vary from 
those by bioassay; other contributing factors have been mentioned above. 
In the determination of distribution ratios of extreme value, say, 10:1 
or 1:10, the values obtained for chromogenic steroid in the less concen- 
trated fraction may quite easily vary from those for estrogen by bioassay 
in the direction of erroneous high values. 

Distribution of Crystalline Estrogens—Crystalline estrogens of high 
quality? were used in amounts which were safely within the limits of solu- 


? Kindly furnished by Professor E. A. Doisy. The estrone and estriol samples 
had been repeatedly reerystallized to constant melting point; the a-estradiol was 
obtained by catalytic reduction of estrone, and purified by separation with Girard’s 
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bility of both solvents, and although the solubilities of estriol in several] 
solvents were liminal, its alkaline solubilities were sufficient to prevent 
overloading of the mole fractions for the organic solvents. 

10 ml. aliquots of standardized alcoholic estrogen solutions were evap- 
orated and taken up, usually in the alkaline portion, 100 ml. volumes of 
each solvent at 20° being used. The quantities of estriol did not exceed 
1.1 mg., of estrone 0.46 mg., and of a-estradiol 0.18 mg. The samples 
were distributed by 10 minute equilibrations in separatory funnels. The 
organic solvent was distilled off, the aqueous fraction was acidified and 
extracted with ethyl ether, and each residue taken up in dilute alkali, 
neutralized, and appropriately diluted for assay. 

Special precautions were taken to insure as complete removal as possible 
of the more concentrated fractions from the mixtures, and to limit destrue- 
tion by neutralization and the removal of residual organic solvent in the 
alkaline fraction, and by buffering the organic fractions with acetate be- 
fore distillation. Despite such care, distributions between normal alkali 
and several solvents gave evidence of appreciable loss in the total recoveries 
of biological activity, and several values with this concentration of alkali 
are therefore undeterminable by either type of assay. 

The results may be expressed either as ratios or as percentage coefficients, 
and for simplicity are revorted as average coefficients of the distributions 
into the organic phase. These values were usually calculated from the 
ratios of assay values of organic to aqueous fractions for only those parti- 
tions in which total recoveries were greater than 85 per cent; for extreme 
distributions into either solvent the coefficient was calculated from the 
least concentrated fraction and the original total, since the assay error was 
multiplied by a factor of from 5000 to 10,000. 

The degree of accuracy of the coefficients presented in Table II is difficult 
to estimate. While with a number of distributions the variability among 
trials was rather small, with certain solvents, notably the ethers, greater 
variability is unavoidable. In general the extreme ratios were surprisingly 
reproducible in view of the sources of error, although many are so one-sided 
as to be of relative value only (e.g., a comparison of the ratios of 700:1 for 
estrone with 200:1 for estriol in the butanol-carbonate partitions). How- 
ever, with extreme coefficients the degree of completeness of the separation 
of solvents cannot be standardized, and in their use the results will be 
affected by the same factor. Percentage values carried into decimals, 
therefore, represent merely the closest estimate obtainable. It should be 
pointed out, parenthetically, that, whereas for values in the mid-range an 
error of +10 per cent represents a considerable quantity of estrogen in 
terms of mouse units, the considerably greater error in a determination of 


99.5 per cent in the organic phase may be negligible for that phase and 
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quite important for the aqueous phase; the decimals are therefore sig- 
nificant in spite of the greater error, and may be used to advantage in quan- 
titative calculations. 

With the exceptions noted, the values have preferentially been based 


TaB_e II 
Distribution Coefficients of Estrogens between Immiscible Solvents 


} 





| } Per cent estrogen in organic phase 
Aqueous solvent 


Organic solvent 





a-Estradiol 





Estrone Estriol 
Ethyl ether Water 86 
0.3 M NasCO; | 99.5 65 (Ca.) 99.7 
0.1 “ NaOH | 50 2 70 
La" ne 30 30 
n-Butanol 0.3 “ NasCOs; 99.9 99.5 >99.7 
0.1 ‘* NaOH 90 &5* 97 
a | ° ° 9S* 
Benzene 0.1 * HC) >99.7 14 
0.3 ‘* NasCO; 99.6 2.5 95 
0.1 ** NaOH 60 0.3 17 
iq ** | 20 5 
Isopropyl ether 0.3 “* NasCO,; | 99.5 50 (Ca.) 99.5 
0.1 ‘* NaOH | 50 2 | 65 
Se 23 
Toluene 0.3 ‘* Na,CO; | 99.6 2 97 
0.1 * NaOH | 50 0.3 80 
0.1 * HCl 25 
Carbon tetrachlo- 0.3 ** Na-CO,; 6.5t 5Ot 
ride 0.1 ‘* NaQH Lot <2.57 5t 
Chloroform 0.3 ‘6 NaeCO; 99.7 20 | 99 
0.1 ** NaOH 92 | 50 
—o 5 
Petroleum ether 0.3 ** Na,CO; 15 (Ca.) 0.2 5 
(35-52°) 0.1 ** NaOH 0.5 
Dibutyl ether 0.3 ‘© NaeCOs; 97t 5 (Ca.) | 80 (Ca.) 
0.1 °° NaOH es; | i = 








* Destruction of biological potency; where substituted for the value, less than 85 
per cent of total poteney was recoverable for any trial. 
+ Values reported for colorimetric assays only. 


upon the results of bioassay, and for simplicity the duplicating colorimetric 
averages are not listed. 

Separation of Estriol from Phenolic Fractions—Based upon the dis- 
tributions in benzene, the following procedure has been used for some time 
in separating estriol from pure estrogen mixtures or from urinary extracts. 
It may be applied directly to the dried residue of crude ether extracts of 
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urine, although the triol (carbonate) fraction contains the bulk of the non- 
steroid impurities and must be assayed biologically at this stage. 

The residue of the total estrogen fraction to be separated is taken up in a 
convenient volume (50 to 100 ml.) of 0.3 M sodium carbonate and extracted 
with an equal volume of benzene. Each fraction is reextracted with equal 
volumes of the opposite solvent and the two washes are then extracted 
together. Benzene and carbonate fractions are both collected, the former 
containing the neutral estrogen (and other steroid if not previously sep- 
arated) and the latter the estriol. The triol may be removed from the 
carbonate with considerable purification by sufficient ether extraction with- 
out neutralization, but with bioassay procedures may either be assayed 
directly or concentrated by neutralization to pH 9 and ether extraction. 
The theoretical separation is 99.5 per cent; this may be attained in practice 
by careful manipulation by virtue of the washing out effect of the double 
extraction, since the theoretical coefficients are limited by the impos- 
sibility of complete separation. 


DISCUSSION 

\ comparison of the distribution data with those recently reported for 
solubility (2) reveals little correlation of the two properties among the 
several solvents for any one compound, and almost no relationship for any 
one solvent with the several estrogens. Roughly speaking, of those sol- 
vents examined, butanol shows the greatest solvent power, the petroleum 
fractions the least. 

Several useful conclusions may be drawn from the results. 

The problem of extraction and treatment of the estrogen fraction as a 
whole is considerably hampered by the divergence of estriol distributions 
and solubilities from those of the group, which might include the equilins. 
Care must be exercised to prevent its loss during any manipulation. 

Except for requirements of large scale extractions which might profitably 
utilize the extreme coefficients of n-butanol, the lower ethers prove to be 
preferable as extractants of total estrogen. While both present problems 
in peroxide formation, the greater volatility and inflammability of ethyl 
ether give isopropyl ether an appreciable advantage. 

n-Butyl ether is not particularly useful in extractions of aqueous media. 

Their sharp differentiation between estriol and the other two estrogens 
renders benzene and toluene useless for extraction of total estrogen, but 
permits a quantitative separation of the triol from mixed extracts. 


The petroleum ethers, notorious for their selective lipid solubilities, are 
poor solvents for the phenolic steroids and for most of the urinary chromo- 
gens, excellent solvents for non-phenolic steroid from even strong alkali 
(unpublished data). They may therefore be used to clear interfering 
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steroid (androgen, etc.) from estrogen extracts being prepared for colorimet- 
ric estimation. Possibly of greater potential importance is the application 
in this laboratory of these distributions to the extraction from urines of a 
steroid fraction, free of estrogen and of practically all color, containing the 
total free androgen fraction. Of several comparable values these are the 
only ones which do not agree with those of Bachman and Pettit. 

The less inflammable solvents prove unfortunately to have limited 
applicability. 

The comparatively strong acidic nature of estriol, as illustrated by its 
extreme solubility in pyridine (2), may account for much of its behavior 
in alkaline distributions, but its considerable solubility in water must con- 
tribute to the unexpected partition from benzene into dilute acid. 


SUMMARY 


Distribution coefficients for estriol, estrone, and a-estradiol between 
immiscible solvents are reported, and their application to extraction prob- 
lems indicated. While the less volatile solvents may be valuable in certain 
applications, diethyl and diisopropyl ethers are recommended for the ex- 
traction of total estrogen. The distributions between benzene and 0.3 m 
sodium carbonate solution are utilized to separate estriol from estrogen 
fractions, and those between petroleum ethers and 0.1 m NaOH to separate 
the estrogens from androgen and other interfering steroid. 


The author is indebted to Professor E. A. Doisy for valuable criticism 
and advice. He also gratefully acknowledges the technical assistance with 
the assays of Miss Corinne Dewes. 
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Diatoms are the most abundant autotrophic organisms over much of the 
earth’s surface. They and the similarly pigmented brown algae produce 
prodigious quantities of organic matter. Synthesis of this carbonaceous 
material, so essential to life in the sea and probably to the formation of 
petroleum, depends upon absorption of light by pigments in the living 
algal cells. The number and nature of the green pigments contained in 
these plants are, however, matters of controversy. 

Chlorophyll a occurs in all the diatoms and brown algae examined thus 
far (1-16), but there is no unanimity of opinion regarding the nature and 
origin of another green substance observed in extracts of these organisms. 
This second green pigment, originally called chlorofucine (2), later chloro- 
phyllin y (5, 6), chlorophyll y (7), and chlorophyll ¢ (8), was at first con- 
sidered a natural constituent of these algae (1-6). Later, from results ob- 
tained through the use of an involved analytical method, Willstatter and 
Page (7) concluded that chlorofucine was a postmortem product. With 
the exception of Wilschke ((8) p. 355), subsequent workers accepted this 
conclusion as authoritative even though several of them observed chlorofu- 
cine in the extracts of fresh algal material (9-11). Chlorofucine was not 
observed in land plants (2). It should not be confused with a controversial 
“chlorophyll c’”’ of higher plants (17) which is now believed to have been a 
mixture of chlorophyll a and pheophytin a (18). 

The occurrence of small amounts of chlorophyll 6 in brown algae was 
reported by Willstaétter and Page (7). There is also one recent report of 
the occurrence of this pigment in diatoms (16). Chlorophyll b has not been 
detected by other workers who applied various analytical methods to 
diverse algal species in both these groups (1-6, 8-11, 13, 14). The results 
of the various pigment investigations are presented briefly in Table I. 

In view of the contradictory conclusions just reviewed, it seemed desir- 
able to reexamine the green pigments both of diatoms and of brown algae. 
Knowledge gained from this reexamination should aid in the interpretation 
of measurements of photosynthesis in these organisms (14, 15). 
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TABLE | 


Reported Occurrence of Chlorophyll b and Chlorofucine in Various Algae 


27 
g c Author Y ear Method cir | one ‘tone 
1 Stokes 1S64 B. + 
2. Sorby 1873 Partition; spectral absorp- *° - ~ 
tion 
3) Reinke 1876 * ss eae +. 
{ MaeMunn IS85 Spectral absorption of ex- * ? + 
tract 
5 Tswett 1905 Partition; spectral absorp- ‘* D.? + 
tion 
6 = 1906 * - = - + 
7 Willstitter, Page 1914 HC! alteration sia 0.05 Xa — 
8 | Wilschke 1914. Fluorescence of extracts gaat oe —- + 
9) Kylin 1927| Partition; capillary adsorp- “‘ D — (?) 
tion 
10; Bacharach, Dhéré 1931 Fluorescence of extracts D. aa 
11) Dhéré, Fontaine 1931 és - a: B a 
12 es Raffy 1935 7 ** tissue - — 
13| Seybold, Egle 1938 Chromatographie adsorption “* D — 
14| Montfort 1940 we (x - - 
15} Dutton, Manning 1941 ” _ D ? — 
16 | Pace 194] i gs ” 0.1 Xa 
*B., brown (Phaeophyceae); D., diatom (Bacillariophyceae); Y., yellow 


(Chrysophyceae). 


EXPERIMENTAL 

Plant Material—-The pennate diatom Nitzschia closterium was grown in 
pure culture by a procedure similar to one previously described (15), except 
that “snow-white” fluorescent lamps were used instead of a neon lamp. 
| liter of culture usually vielded 0.5 to 1.0 ml. of centrifuged cells. Brown 
algae were collected at low tide at Moss Beach, north of Half Moon Bay, 
California. They were identified by Dr. Gilbert M. Smith of Stanford 
University. Specimens that were not used immediately were kept indoors 
in shallow open dishes of sea water at a temperature not higher than 17°. 

Methods—-Three general methods have been used for analysis of the chlo- 
rophylls in extracts of the algae. The principles of the methods are sum- 
marized here. Essential details are described in the sections pertaining to 
preparation of the individual compounds. 


By partition of the pigments between immiscible solvents such as petro- 
leum ether and 80 to 90 per cent methanol, it was possible to separate 




















chlo 
dilu 
xan! 
peal 
N 
bee! 
wer 
tail 
dric 
pac 
int 
pac 
twl 
alt! 
as 


sta 





Oro 
ine 

















H. H. STRAIN AND W. M. MANNING 627 


chlorophyll a and carotene from the xanthophylls and chlorofucine. After 
dilution of the methanol fraction to 50 per cent with water, most of the 
xanthophylls were removed from the alcohol-soluble chlorofucine by re- 
peated extraction with ether. 

Numerous modifications of the chromatographic adsorption method have 
been tested for the preparation of chlorophylls. In general the best results 
were obtained with columns of confectioner’s powdered sugar which con- 
tained 3 per cent corn-starch to prevent caking. Before use, this sugar was 
dried at 85° for several hours and was then cooled in closed bottles. In 
packing the columns, successive small portions of sugar were pressed firmly 
into the adsorption tube (usually 3 X 30 em.) with a packing plunger 
slightly smaller than the tube ((19) p. 42). The filtration rate of columns 
packed with the “C and H” (California and Hawaiian) brand was nearly 
twice that of columns of the “‘Sea Island” (Western Sugar Refinery) brand, 
although both brands were labeled “Grade XXXXXX.” Results nearly 
as satisfactory were obtained with inulin or with some preparations of 
starch as adsorbents. 

A photoelectric spectrophotometer (20) was used for determination of 
the spectral absorption of pigments in the extracts of plant material, and 
for the identification of pigments prepared by partition and chromato- 
graphic adsorption methods. Most of the results are presented as the 
so called characteristic absorption curves, the plot of log log(o/J) vs. wave- 
length (21). For a pure pigment, characteristic absorption curves meas- 
ured at any concentration are superposable. Variations in the shape of the 
curves, which are readily observable by superposition, indicate contamina- 
tion of the pigment with other colored substances. This method of presen- 
tation also simplifies the comparison of curves when absolute absorption 
coefficients are not available. Absorption curves plotted as the log (Io/J) 
are illustrated by small insets in Figs. 1, 2, and 11. 

Extraction of pigments from diatoms was incomplete when acetone 
(absolute or 80 per cent) or ethanol (absolute or 95 per cent) was used as sol- 
vent. The pigments were removed rapidly and completely with absolute 
methanol. Consequently, this solvent was used for determination of the 
spectral absorption curves of the algal extracts. 

Chlorophylls a and b from Sunflower—For standards of comparison it was 
necessary to obtain spectral absorption curves of chlorophylls a and 6 in 
methanol. These pigments were prepared from sunflower leaves by the 
partition and chromatographic adsorption procedures employed with algal 
extracts. About 2 gm. of fresh leaves were extracted rapidly at 20° with 
100 ml. of absolute methanol containing about 0.5 per cent redistilled di- 
methylaniline. (The dimethylaniline served to neutralize plant acids 
during extraction, to counteract acidity which might otherwise develop 
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upon the adsorption columns ((19) p. 123), and to minimize pigment oxida. 
tion.) Petroleum ether (100 ml.) was added to the extract, followed by 
about 15 ml. of water. After separation of the methanol layer, the petro. 


leum ether phase was extracted twice with 50 ml. portions of 90 per cent | 


methanol in order to remove the remaining xanthophylls. Residual meth- 


. | 
anol was removed from the petroleum ether with water, and the green solu- 


tion was concentrated to a few ml. at reduced pressure and 20°. This 
concentrated solution was poured onto a column of sugar (3 X 15 or 20 em.) 
which was then washed with small portions of petroleum ether containing 
0.5 per cent dimethylaniline. As soon as the carotene had been washed 
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Fic. 1. Absorption curve of chlorophyll a. The inset shows the same data plotted 
as log (/o/J). Solvent,methanol. The large circles represent values calculated from 
Mackinney’s results (22). 

Fic. 2. Absorption curve of chlorophyll 6. Solvent, methanol. The large cireles 
are from Mackinney’s data (22). 


below the chlorophyll, the chromatogram was developed with petroleum 
ether containing 0.5 per cent dimethylaniline and 0.5 per cent methanol or 
n-propanol. Chlorophyll a, which was carried rapidly through the column, 
was collected separately in the percolate. The yellow-green chlorophyll b 
band moved slowly down the column. This band was removed with a 
spatula, and the pigment was eluted with freshly distilled ether (v.s.P.). 
The solution of each chlorophyll was then evaporated nearly to dryness at 
reduced pressure (20 to 30 mm.). To each residue was added the solvent 
in which the spectral absorption was to be measured. The remaining 
ether was removed in a vacuum, and the solutions were then diluted to the 
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proper concentrations for absorption measurements. The entire prepara- 
tion required about 1 hour. Consistent spectral absorption curves were 
usually obtained. 

Absorption curves of chlorophylls a and b in methanol (Figs. 1 and 2) 
were in satisfactory agreement with values previously determined at a few 
wave-lengths (22). The absorption by chlorophyll a in methanol was quite 
different from the absorption in ether. The differences were due to solvent 
effects, rather than to irreversible pigment alteration, because an absorption 
spectrum of the pigment determined in ether after prior determination in 
methanol showed the spectral curve typical of ether solutions. 

Because of the great lability of the chlorophylls, great care had to be exer- 
cised in handling the plant material and also the extracted pigments. If 
too little aleohol was used for extraction of the pigments, if extraction took 
too long, or if the chlorophyll remained on the adsorption columns very 
long, especially in the absence of dimethylaniline and alcohol, additional 
colored zones were observed on the sugar. In such cases, spectral curves 
of the recovered chlorophylls exhibited considerable variation in the region 
between 470 and 600 my. If fresh plant material was permitted to stand 
with dilute aleohol for a day or more, as is often done in the estimation of 
chlorophyllase activity (23), and if the pigments were then extracted and 
adsorbed on columns of sugar, as many as fifteen distinct green bands were 


observed. 
Results 


Chlorophyll a Chlorophyll a prepared from Nitzschia closterium by ad- 
sorption agreed in spectral properties, and in adsorption behavior (ef. (19) 
p. 12), with chlorophyll a from sunflower leaves (Fig. 3). Moreover, in the 
red region of the spectrum, where the presence of small amounts of yellow 
pigment did not interfere, the curve for chlorophyll @ prepared from 
Nitzschia closterium by partition between petroleum ether and 80 to 90 per 
cent methanol was in good agreement with curves for preparations obtained 
by adsorption (Fig. 3). Since most of the green pigment remained in the pe- 
troleum ether, the results prove that chlorophyll a is the principal green pig- 
ment in the organism. Had chlorophyll b been present in appreciable 
quantities, it would have appeared with chlorophyll a in the partitioned 
extract. Incidentally, Fig. 3 indicates that the adsorption procedure de- 
scribed above did not alter the spectral properties of chlorophyll a. 

Natural Occurrence of Chlorofucine—Fig. 4 shows for the red region of the 
spectrum a typical absorption curve for a methanol extract of Nitzschia 
closterium. Although the position of the principal absorption maximum 
and the shape of the curve indicate a large proportion of chlorophyll @ in 
the extract, the curve for the extract differs significantly from the chloro- 
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phyll a curve. Similar differences were observed when acetone extraets 
were examined. 

Various methods of extraction, some of which had been employed by 
Wilschke (8), had little or no effect on the shape of the curve for total pig. 


ment absorption, as illustrated in Fig. 5. In one case, diatoms from 1 liter | 


of culture were centrifuged, suspended in 1 ml. of water, placed in a boiling 
water bath, and diluted with 15 ml. of boiling water. After 1.5 minutes the 
suspension, which had turned a bright green, was cooled quickly with ice. 
centrifuged, and the cells extracted with methanol. A similar quantity of 
the same culture, suspended in 1 ml. of water, was shaken in a current of 
hydrogen for 10 minutes and then extracted with methanol in the stream 
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Fic. 3. Absorption curves of chlorophyll a from sunflower leaves and from diatoms 
by partition (§) and by adsorption (#). Solvent, methanol. 

Fic. 4. Absorption curves of diatom extract and of chlorophyll a. Solvent, meth- 
anol. 

Fic. 5. Absorption curves of extracts prepared from diatoms by various methods 
see the text Solvent, methanol. 

Fic. 6. Absorption curves of extracts prepared from old and young cultures of 
diatoms. Solvent, methanol. 


of hydrogen. A preparation of cells from another culture was extracted 
with acetone (80 per cent) and the resulting solution then evaporated at 
reduced pressure and room temperature. The residue obtained in this way 
was dissolved in methano! and its absorption curve was determined 
(Fig. 5). 

The close agreement between all these absorption curves indicates that 
the deviation from the characteristic chlorophyll a curve is probably due to 
another pigment, or pigments, normally present in the living cells, rather 
than to a postmortem product. Furthermore, the spectral curve of methan- 
ol extracts of young, rapidly multiplying cultures of diatoms indicated a 
higher proportion of other pigment than that found in very old, more con- 


centrated cultures (Fig. 6). The spectral absorption curves of methanol 
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extracts of brown algae (Fig. 7) were similar to those of Nitzschia extracts 
(Figs. 4and 5). In Fig. 7, the absorption for Fucus indicates a smaller pro- 
portion of pigments other than chlorophyll a. 

Fig. 8 shows a calculated curve representing the difference between the 
curve for diatom extract in Fig. 4 and that for chlorophyll a. This caleu- 
lated curve is slightly influenced by yellow pigment (fucoxanthin) absorp- 
tion below 610 my and is not continued below 570 my because of the in- 
creasing xanthophyll absorption. Indirect determination of green pigment 
absorption at shorter wave-lengths (24) was not feasible, because removal 
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Fig. 7. Absorption curves of extracts of the brown algae, Fucus furcatus, Egregia 
menziesii, and Laminaria andersonit. Solvent, methanol. 

Fic. 8. Calculated absorption curve representing the difference between absorp- 
tion by a diatom extract and absorption by chlorophyll a in this extract. The lowest 
curve represents log (log (J9/J) for extract minus log (Jo//) for chlorophyll a) assum- 
ing from Fig. 4 that chlorophyll a absorbs 99 per cent of the light at 665 mu. 

Fic. 9. Calculated absorption curve representing the difference between absorp- 
tion by an extract of Egregia and by chlorophyll a (cf. Fig. 8). 

Fic. 10. Absorption curves of chlorofucine prepared by adsorption and by parti- 
tion (see the text). Solvent, methanol. 


of the chlorophylls through saponification resulted in alteration of several 
algal xanthophylls (7, 25). Fig. 9 shows a calculated curve for the brown 
alga Egregia. The calculated curves obviously do not correspond to 
chlorophyll b, but are in good agreement with the characteristic curve of 
chlorofucine prepared by partition of methanol extracts of Nitzschia (see 
below, Fig. 11). The agreement is particularly good in view of the fact that 
the calculation is based on relatively small differences between large absorp- 
tion values (differences from one-twentieth to one-third of the total absorp- 
tion of the extracts). 

The results summarized in Figs. 4 to 9 lead to the conclusion that chloro- 
fucine, rather than chlorophyll }, is the second green pigment of the diatoms 
and brown algae examined in this investigation. 
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Absence of Chlorophyll b—Chlorophyll b, in amounts up to 1 or 2 per cent 
of the amount of chlorophyll a (Fig. 3), would affect only slightly the spee. 
tral absorption of the extracted pigments and thus might escape detection 
in the original extract (Fig. 4). More sensitive tests for the presence of 
chlorophyll b were therefore employed. 

Separate experiments revealed that extremely small quantities of chloro- 
phyll b contained in extracts of barley leaves could be detected by adsorp. 
tion upon columns of sugar (Sea Island). As little as 13 y of chlorophyll} 
formed a very distinct band on a column 2 X 12 em., 1.3 y formed a definite 
band on a column 1.4 X 12 ¢m., and 0.03 y formed a barely perceptible band 
on a column 0.2 & 5 em. when petroleum ether with 1 per cent methanol 
was used to develop the chromatogram. Even when pure chlorophyll a 
was added in great excess to an extract of barley leaves containing 1.3 y 
of chlorophyll b, the latter formed a definite band in the presence of 2000 
times this quantity of chlorophyll a (column 1.4 X 12 em.). 

Pure chlorophyll b added to extracts of Nitzschia was readily recoverable 
by use of adsorption columns even when the amount of this pigment was 
less than 0.5 per cent of the amount of chlorophyll a present in the extracts. 
In this case a longer adsorption column (3 X 20 cm.) was necessary, be- 
cause of the influence of other substances upon the adsorption. As a result 
of all these experiments, it is evident that chlorophyll } either is absent from 
diatoms and brown algae or is present only in traces. 

When mixed with extracts of diatoms and adsorbed, chlorophyll b formed 
a green band below the principal orange band of fucoxanthin a. If the 
columns were then washed with petroleum ether containing 2 to 3 per cent 
of methanol, both the chlorophyll b and fucoxanthin were carried through 
the adsorbent, leaving chlorofucine behind as a diffuse green band. This 
comparative test indicates that the strongly adsorbed green pigment ob- 
served by Pace (16) under similar conditions was not chlorophyll b as he 
assumed. We believe that it, as well as a similar strongly adsorbed sub- 
stance observed by Dutton and Manning (15) and occasionally by Montfort 
(14), was chlorofucine. 

Separation and Properties of Chlorofucine— For determination of its spee- 
tral absorption properties, chlorofucine was prepared in the following way. 
Diatoms centrifuged from about 4 liters of culture suspension were extracted 
with about 80 ml. of absolute methanol containing 0.2 per cent dimethyl- 
aniline. The resultant pigment solution was diluted to 200 ml. with 
methanol, and, after the addition of 37 ml. of water, was extracted with 100 
ml. of petroleum ether. As indicated already by Fig. 3, chlorophyll a was 
the only green constituent in the petroleum ether. The methanol layer 


containing the xanthophylls and chlorofucine was diluted with 160 ml. of 
water and extracted with 100 ml. of ether (v.s.p.) and then with five 75 ml. 
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portions of ether. The residual pale green methanol solution was treated 
with about 40 ml. of ether and a large excess of strong salt solution which 
eaused the chlorofucine to dissolve in the ether. The chlorofucine, recov- 
ered by separation and evaporation of the ether, was dissolved in methanol, 
and its absorption was determined (Fig. 11). 

It was difficult to obtain good preparations of chlorofucine from diatoms 
by this method. If extraction with ether was not carried on long enough, 
xanthophylls (principally fucoxanthins) contaminated the residual green 
pigment. If too many extractions were made, all the chlorofucine was re- 
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Fig. 11 Fic. 12 
Fic. 11. Absorptien curves of chlorofucine prepared from diatoms by partition 
of the pigments between 50 per cent methanol and ether. The inset shows the same 
data plotted as log (/o/J). Solvent, methanol. 
Fig. 12. Relative proportions of light absorbed by chlorofucine and by chlorophyll 


ain a methanol extract of diatoms. 


moved. With extracts of brown algae, fewer extractions with ether could 
be made before all the chlorofucine was removed from the methanol. How- 
ever, with slight modifications of the method, satisfactory preparations of 
chlorofucine were also obtained from brown algae. Use of petroleum ether 
instead of ether for the partition often resulted in formation of emulsions 
that prevented separation of the two phases. These difficulties in the prep- 
aration of chlorofucine by partition probably account for some of the 
variable results obtained by earlier investigators (7-9). 

Chlorofucine either from diatoms or from brown algae was easily pre- 
pared by adsorption on columns of sugar. The pigments were extracted 
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from the organisms with methanol and transferred to ether by partition, 
The ether solution was concentrated to a very small volume and diluted 
with petroleum ether. The resultant petroleum ether solution was passed 
through the adsorption column. (Direct transfer of chlorofucine from 
methanol to petroleum ether was incomplete, which may further explain 
some of the variable results obtained by others (8, 9, 13, 14).) When the 
chromatogram was developed with petroleum ether containing 2 to 4 per 
cent methanol, chlorofucine formed a pale green, diffuse band in the upper 
portion of the adsorbent. Below this, fucoxanthins formed orange bands, 
Other xanthophylls, chlorophyll a, and carotene passed rapidly through the 
column. Chlorofucine eluted from the green band with ether and trans- 
ferred to methanol exhibited a spectral absorption curve that was signifi- 
cantly different from that of the same pigment prepared by partition (Fig, 
10). Pigment obtained from the upper portion of the chlorofucine band 
on the column exhibited greater spectral variations than that obtained from 
the lowest portion. These differences were due, apparently, to alteration 
of the chlorofucine by adsorption upon the sugar rather than to the removal 
of other pigments. In one experiment, for example, chlorofucine prepared 
by partition was adsorbed on a column of sugar which was then washed 
with petroleum ether containing 2 per cent methanol and then with petro- 
leum ether containing 4 per cent methanol. After 2.5 hours, all the pig- 
ments on the column were eluted with ether and alcohol, the ether was 
evaporated, and the spectral curve of the preparation was redetermined. 
It then showed changes corresponding to those observed with chlorofucine 
prepared directly by adsorption (Fig. 10). 

Chlorofucine more like that prepared by partition was obtained when the 
pigments extracted from diatoms were adsorbed directly from petroleum 
ether containing 7.5 per cent n-propanol and 2 per cent dimethylaniline. 
Under these conditions traces of another green pigment similar to chlorofu- 
cine were observed above the chlorofucine band. 

By means of adsorption, spectral absorption, or partition methods, 
chlorofucine was observed in all the brown algae that were examined; 
namely, Fucus furcatus, Hesperophycus harveyanus, Pelvetiopsis limitata, 
Nereocystis pyrifera, Macrocystis integrifolia, Cystoseira osmundacea, Ptery- 
gophera californica, Laminaria andersonii, Egregia menziesii. A more ex- 
tensive investigation of Laminaria revealed chlorofucine both in old and 
young blades and in the stipes. When extracts of sunflower and of barley 
leaves were examined by means of the same methods employed with brown 
algae, chlorofucine was not observed. This result agrees with the early 


observations of Sorby (2). 

Chlorofucine exhibits many properties that are similar to those of the 
common chlorophylls. It is altered by aleoholic KOH, vielding colored 
products insoluble in ether and petroleum ether and slightly soluble in 











wa 
lut 
an 
cal 


en 
pr 


flu 
re 
ab 
of 


we 


ab 
Wl 
ra 
we 
al 
n 














H. H. STRAIN AND W. M. MANNING 635 


Chlorofucine obtained in solid form by evaporation of an ether so- 


water. 
lution is virtually insoluble in petroleum ether but readily soluble in meth- 
It is insoluble in water and in dilute aqueous solutions of sodium 


anol. 
arbonate and ammonia. 

Solutions of chlorofucine are strongly fluorescent (11), although appar- 
ently less so than solutions of chlorophyll a. When the fluorescent light 
produced by exposure of an ether solution of the chlorofucine to light from 
a mereury are was examined in the photoelectric spectrophotometer, a 
fluorescence band was observed at 635 mu, near the absorption band in the 
red, but no fluorescence was observed at wave-lengths corresponding to the 
absorption band in the yellow. These results are in agreement with those 
of Wilschke (8) and of Dhéré and Fontaine (11). There appeared to be a 
weak, secondary fluorescence maximum in ether at about 690 mu. 

Chlorofucine prepared by adsorption and dissolved in v.s.p. ether had 
absorption maxima at 627, 579.5, and 446 my, in satisfactory agreement 
with those observed spectroscopically by Tswett (6). For a similar prepa- 
ration, the maxima in aqueous acetone (80 ml. of acetone to 20 ml. of water) 
were at 631, 581, and 446 mu. As with chlorophylls a and b, the spectral 
absorption maxima of chlorofucine in both these solvents were more pro- 
nounced than those in alcohol solutions. 

DISCUSSION 

Because diatoms are the principal photosynthetic organisms over some 
four-fifths of the earth’s surface, it appeared of interest to calculate 
the relative amounts of light absorbed by chlorofucine and chlorophyll 
ain methanol extracts of Nitzschia closterium. Results of these calculations 
are summarized in Fig. 12. It should be noted that light absorption by 
yellow pigments, which exceeds the absorption by chlorophyll in the blue- 
green region of the spectrum (15), does not enter into the calculation. Be- 
tween 455 and 490 mu the amount of light absorbed by chlorofucine was 
much greater than that absorbed by chlorophyll a. Similar results were 
obtained for extracts of several species of brown algae, another class that is 
widely distributed, and of great quantitative importance over large areas 
(e.g., Sargassum in the Sargasso Sea). One is forced to the conclusion that 
chlorofucine may be an important pigment in the carbon economy of nature. 

Demonstration of chlorofucine as a normal constituent of diatoms and 
brown algae indicates that pigments of the photosynthetic apparatus may 
be subject to greater variation than had been previously supposed. This 
leads to the supposition that further variations in the chemical nature of 
green pigments may be discovered in various plant species and mutants. 

In general properties chlorofucine is so similar to chlorophylls a and b 
that it should probably be regarded as a chlorophyll type of pigment. Now 
that the existence of a so called chlorophyll ¢ in higher plants has been 











636 CHLOROFUCINE (CHLOROPHYLL ¥) 


questioned (26) and the original claims of discovery have been retracted 
(18), it may become desirable to change the name chlorofucine to chloro- 
phyll ¢, as first proposed by Wilschke (8). 


SUMMARY 


In addition to chlorophyll a, diatoms and brown algae contain chlorofu- 
cine, another green, chlorophyll-like pigment. Neither group of organisms 
contains detectable quantities of chlorophyll b. Chlorofucine is a normal 
constituent of the cells rather than a postmortem product. Although 
readily susceptible to chemical alteration, this green pigment has been 
separated from the other green and yellow pigments, and its spectral ab- 
sorption properties have been determined. In certain regions of the spee- 
trum, chlorofucine may absorb considerably more light than the chlorophyll 
a contained in the plant cells, an indication that this pigment may play an 
important réle in the phenomenon of photosynthesis. 


We are indebted to Dr. H. A. Spoehr and Dr. J. H. C. Smith of this 
laboratory and to Dr. Gilbert M. Smith of Stanford University for helpful 
discussion and advice. 
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THE DISTRIBUTION OF THE BICARBONATE ION IN 
MAMMALIAN MUSCLE 


By WILLIAM M. WALLACE anp A. BAIRD HASTINGS 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, May 14, 1942) 


In the past 10 years the partition of electrolytes in mammalian muscle 
has been intensively investigated. As a result, it has been possible to 
reconcile the morphologically separate phases of muscle with its inorganic 
chemical constitution (1-6). This has led to the conclusions that the 
muscle cell contains a high concentration of potassium and phosphate, 
little, if any, sodium, and no ¢hloride; while the fluid of the extracellular 
phase approximates in composition a serum ultrafiltrate and contains all 
of the muscle chloride and most of the sodium. More directly, Gersh (7) 
using histochemical methods and Dean (8) using ultramicroanalysis have 
provided direct evidence for the validity of these conclusions. 

However, little attention has been paid to the bicarbonate ion in these 
studies, primarily because quantitative assessment of the bicarbonate 
distribution awaited solution of these problems. Fenn (9) and Stella (10) 
investigated the CO, dissociation curve of frog muscle and Irving, Foster, 
and Ferguson (11) that of dog muscle. Shaw (12) and Brocklehurst and 
Henderson (13) have investigated the CO:-combining properties of the 
entire body of the cat and man respectively. Meyerhof, Méhle, and 
Schulz (14) and Fenn and Mauer (15) have used the CO: content of muscle 
to calculate the intracellular pH of frog muscle. In none of these studies 
has emphasis been placed upon the distribution of bicarbonate ion, nor 
were they combined with the inorganic analyses necessary for the evalua- 
tion of its distribution. Jacobs (16) studying certain plant cells and pro- 
tozoa has demonstrated that the bicarbonate ion is effectively barred from 
passing the membranes of these cells. Gesell and Hertzman (17), working 
on the response of tissues to injected bicarbonate, arrived at an identical 
conclusion. On the other hand, Smith (18), using the effect of the bicar- 
bonate ion and CO, upon the amplitude of the beat of the excised turtle 
atrium, concluded that, in this tissue, the bicarbonate ion is freely per- 
meable. 

The low values found by investigators (9-11, 19, 20) for the total CO, 
in muscles (7 to 12 mM per kilo) compared with the serum concentration 
of about 25 ma per kilo raise the question of whether muscle cells may not 
be impermeable to the bicarbonate ion as well as to the chloride ion. 
Since, in life, the muscle cell seems impermeable to anions (1), it would 
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seem paradoxical if the muscle cell were permeable to bicarbonate ion 
alone. The present work was therefore undertaken in an effort to deter- 
mine the distribution of the bicarbonate ion between the muscle cell and 
its extracellular fluid and to study the effects of acidosis and alkalosis upon 
this distribution. The answer to this question is necessary for a descrip- 
tion of the réle played by tissues in regulation of the acid-base balance of 
the body. Furthermore, from the data obtained in these experiments, it 
has been possible to estimate the intracellular pH of cat muscle, both 
under normal conditions and under conditions of disturbed acid-base 
balance. 


Experimental Procedure 


Cats, anesthetized with 0.05 gm. of dial per kilo, were used as experi- 
mental animals. Approximately 1 hour was allowed for stabilization of 
the anesthesia and respiration before a sample of blood was taken from the 
femoral vein and a sample of muscle from the quadriceps femoris of the 
same side. Acidosis and alkalosis were then induced by the intravenous 
injection of acid and alkaline isotonic salt solutions (the composition is 
given in Tables II and III) inte the femoral vein at the rate of 5 to 8 ee. 
per minute. At the end of the injection, the animals were left covered 
and warm on the table for 1 hour to insure equilibration of the injected 
solution. At the end of this time, a second sample of blood and muscle 
was taken from the opposite leg. A series of animals was also rendered 
alkalotiec by the intraperitoneal injection of sodium bicarbonate solution 
according to the procedure of Yannet (21). In this series of experiments, 
it was found that 6 hours of equilibration were necessary to obtain the 
desired state of alkalosis. Because of the difficulty encountered in ob- 
taining stable anesthesia during this length of time, it became necessary 
to obtain the control blood and muscle almost immediately after induction 
of anesthesia rather than to wait for an hour as was done in the intravenous 
experiments. As a result, the control period determinations on the intra- 
peritoneally injected animals are not strictly comparable to those obtained 
on the intravenous series. 


Chemical Methods 


Whole blood COs, serum pH, and percentage of red cells were determined 
in triplicate by the micromethod of Shock and Hastings (22). Serum pH 
as determined by this method on cat serum was compared with glass elec- 
trode determinations on the same serum in a number of instances. The 
values agreed to 0.03 pH. 


The water content of the serum was determined by drying 0.5 gm. 
samples overnight in an oven at 100°. Chlorides were determined by the 
method of Wilson and Ball (23) on the resulting serum solids. 
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Weighed amounts of muscle (4 to 5 gm.) were finely minced in 25 ce. 
digestion flasks and the water content determined by drying to constant 
weight at LOO°. The fat was extracted from the dried tissue by the method 
of Hastings and Kichelberger (3) and, after the defatted tissue was weighed, 
it was returned to the flask. Silver nitrate was then added to the dried 
material and allowed to soak into the tissue overnight before nitric acid 
digestion was carried out. Titration with potassium thiocyanate was 
carried out in duplicate on 5 ce. aliquots of the nitric acid digest. 

The amount of blood in the tissues was determined by extracting with 
0.4 per cent ammonia and determining the hemoglobin content of the 
extract colorimetrically (3). 

Total tissue CO. was determined by the method of Danielson and 
Hastings (20). With practice, it was found that a piece of muscle could 
be transferred from the analysis tube in 40 seconds, thus minimizing the 
loss of CO.. Analyses were made in duplicate. The average difference 
between duplicates was 0.4 mm per kilo. Standard sodium carbonate 
solutions analyzed by this method gave results within 0.5 per cent of that 
obtained by the procedure of Van Slyke and Neill (24). The larger error 
in the muscle analyses is attributed to the difficulty of sampling equal por- 
tions of tissue. In order to determine the over-all blank for the method 
as applied to muscle, pieces of muscle were equilibrated with several changes 
of CO»-free salt solution at 6° for 3 to 4 hours and analyzed by this method. 
The CO, content of muscle equilibrated in this manner amounted to only 
0.05 mm per kilo, showing that the method was specifically valid for CO, 
determination in this tissue. 


Calculation 


Whole blood CO, values were converted to their corresponding serum 
values by means of the nomogram of Van Slyke and Sendroy (25) with 
the hematocrit values found and assuming 50 per cent oxygen saturation 
of the venous blood. Serum CQ, tension and [HCO;-] were calculated 
according to the Henderson-Hasselbalch equation. The extracellular 
space of the muscle was calculated according to the method of Hastings 
and Eichelberger (3) from the water and chloride data. With the value so 
obtained, the CO. content of this phase was calculated, assuming a distri- 
bution ratio between serum and extracellular fluid of 0.95 (26). The 
H.CO, of the extracellular and intracellular phase was calculated, assuming 
equality of the CO, tension in these phases with the venous serum. While 
a gradient of tension must theoretically exist between the extra- and 
intracellular phases and venous serum, the high value for the diffusion 
coefficient of CO, and the proximity of the capillary wall (27) make it 
unlikely that the gradient between the serum and the tissue is significant 
in magnitude. The total CO, content of the whole muscle minus the 
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calculated CO, content of the extracellular space is taken as the CO, 
content of the cells. The cell bicarbonate is calculated as total COs. minus 
H2,CO;3. (This value would include any CO, present as carbamate.) 
From these derived values, the intracellular pH may be calculated by the 
Henderson-Hasselbalch equation. 

The value for the solubility coefficient of CO, in serum used was 0.553 
ee. per gm. of serum water (28). The coefficient for the water of the 
extracellular space used was 0.540 ec. per gm. of extracellular water (28). 
For the water of the intracellular space, the value of 0.592 ec. per gm. of 
intracellular water was employed (29). 

The value for pK’ of serum of 6.10 has been used (30). For the muscle 
cell, the value of pIX’ of 6.10 as determined by Danielson, Chu, and Hastings 
(29) has been taken. P 

The following representative calculation will illustrate the method ‘of 
calculation of the intracellular bicarbonate and pH from the experimental 
data. In this calculation, parentheses refer to concentration per kilo of 
serum, extracellular or intracellular phase, and whole tissue, brackets to 
concentrations per kilo of water of the respective phases or whole tissue. 
The subscripts, S, E, C, refer to serum, extracellular, and intracellular 
phases, respectively, while 7 refers to the tissue as a whole. The subscript, 
TE, refers to the amount of a constituent present in the extracellular phase 
per kilo of whole tissue. The subscript, TC, has a comparable meaning 
with respect to constituents of the intracellular phase. 


Experimental Data 


(H.O)s = 925.0 gm. per kilo 
(H.O),7 = 770.0 _ 
(Cl)s = 112.5 m.eq. per kilo 
(Cl)r = 15.7 if Ws 
(COs) s = 25.6 mo per kilo 
(COs)r = 12.6 “ 
pHs at 38° = 7.30 

(HCOs;)s = 24.0 mm per kilo 
pCO, = 51.7 mm. of Hg 


The extracellular phase (E) is calculated as follows: 


(CDs X 1000 112.5 XK 1000 


[Cl]s = H.O)s = 925.0 = 121.6 m.eq. Cl per kilo H.Os 
iClls 121.6 
I(Cllz = _ = ~ = 128.0 m.eq. Cl per kilo H.Og 
0.95 0.95 
(Cl)r X 1000 -15.7 X 1000 ' 
(H,O) re = - »'— = 122.6 gm. H.Og per kilo T 


(Clie ‘428.0 


H.O) re 122.6 ’ . 
(H:0)re = {23.8 gm. £ per kilo T 


0.99 0.99 


i= 
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The value 0.99 is taken as the water concentration in the extracellular 
phase in gm. of H20 per kilo of this phase. 

The water of the intracellular phase is calculated from the determined 
total muscle water and the calculated extracellular water as follows: 


(H.O)rc = (H.2O)7 — (H2O)rg = 770.0 — 122.6 = 647.4 gm. H20c¢ per kilo T 
The water concentration, per kilo of cells, is 


_ (HO) re X 1000 _ 647.4 X 1000 


(HO) ¢ = = = 739 .H r kilo C 
: 1000 — BE 876.2 gm. H,0 per kilo 


The concentrations of [HxCOg}z and [HCOs]« in the extracellular phase 
are calculated with a distribution ratio for the bicarbonate ion of 0.95 and 
assuming equality of CO, tension in the serum and extracellular phase. 

pCO, _. 1000 


2 x a 02 E 


H.CO,)\ eg 
LH:COsle = “769 * 99.98 


_ 517) 1000 4 549 
~ 760 * 22.26°° 


1.65 mm H.CO; per kilo H,Og 


(HCQOs;)s X 1000 = 24.0 K 1000 


= = 26.0 m.eq. HCO; per kilo H,Os 
(H,O)s 925.0 


|H¢ % sls = 


HCO;]s 26.0 
[HCOslz = | ls = —— = 4 m.eq. HCO; per kilo H,Og 


0.95 0.95 
The concentrations of H»CO; and HCO; in the extracellular phase being 
known, the amount of CO, in this phase may be calculated 


_ [H.COs)e X (HO) re _ 1.65 X 122.6 


= : = 0.20 mm H,CO; in E per kilo T 
1000 1000 


‘ToC ‘O, TE 


(HCOs)rg = = 


= 3.36 m.eq. HCO; in E per kilo T 
1000 1000 


(COs) re = (H2COs) re + (HCOs) re = 0.20 + 3.36 = 3.56 mm CO, in E per kilo T 


The CQ, assignable to the intracellular phase is thus 
(CQs)re = (CO)¢ — (COs) re = 12.6 — 3.56 = 9.04 mm CO, in C per kilo 7 
The CO, of the cells per kilo of water of the cells is calculated 


(CO) re X 1000) 9.04 X& 1000 


= a = 14.0mmM CO, per kilo 1.0¢ 
(H.O) re 647.4 


(¢ ‘Onle = 


Again, assuming equality of pCO, inside and outside the cell, the intra- 
cellular concentrations of [H2CO3]¢ and [HCOs]¢ are calculated 
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[HsCOgle = POO? yy 100 ye os 
| r c= GC 
: 7 °° 23°" 


51.7 1000 


a ———~ _ & 0.592 = 1.81 mm HCO, per kilo H.O¢ 
460 22.26 


HCOs|¢ = [CO], [H2COs)e = 14.0 — 1.81 = 12.2 mm HCO; per kilo H.0, 


The distribution ratio (r) of the HCO; ion between extracellular and 
intracellular phase is 
HCOsle —12.: 


r=. — = = ().45 
[HCOs|e 27.4 


tw 


The intracellular pH is calculated from the Henderson-Hasselbalch equa- 
tion with the value for the pk’ of the muscle fiber of 6.10 


i 5.10 +1 IHCOsle 
) ( - t) - og 
® HCO, 
12.20 
= 6.10 + log 
LSI 


pHe = 6.93 
Results 


Control Experiments—In Table I are shown the analytical and derived 
data from two cats carried through the experimental procedure but without 
the injection of any fluid, and of one animal injected with 150 ec. per kilo 
of a solution containing 21 mm per liter of NaHCO; and 134 mM per liter 
of NaCl, adjusted to approximately pH 7.4 with CO.. These experiments 
show the variations due to fluctuations in the state of the anesthesia, the 
general state of the animal, and that due to the problem of the sampling 
of tissues over the experimental period. Such changes are small; the cell 
HCO; remains as constant as can be expected with the analytical method 
used. The only significant change in the injected animal (No. 21) is the 
increase in the extracellular space (£) without significant alteration in its 
intracellular water (H,O)-, intracellular HCOs;, and intracellular pH. 

From our data on normal skeletal muscle of anesthetized cats, the mean 
values for the intracellular pH and for [HCO 3-|-¢/[HCOs3"]¢ are 6.93 and 
0.53 respectively. 


Similar data on normal skeletal muscle of anesthetized rabbits previously 
obtained by Dr. Ll. 8. Danielson and Dr. H. I. Chu, of this laboratory, 
yield values for intracellular pH of 6.70 and for [HCO > |¢/[HCOs |e 
of 0.30. 

Acidosis Experiments In Table I are shown the analytical and derived 
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data obtained from four cats injected with a solution containing 10 mM per 
liter of HCl and 154 mm per liter of NaCl. Intense metabolic acidosis 
was produced, the pH and HCO; of the serum falling, accompanied by a 
corresponding rise in the serum chloride. The noteworthy changes in the 
muscle are a marked increase in the extracellular space. No significant 
change in the water concentration of the intracellular space occurs and only 


TaBLe I 
Control Experiments 

Analyses of serum and muscle of control cats. The animals of Experiments 
1 and 7 were uninjected; that of Experiment 21 was injected with 100 ec. per kilo 
of a solution containing 135 mm per liter of NaCl and 21 mm per liter of NaHCOs, 
adjusted to pH 7.40 with carbon dioxide. 90 minutes were allowed to elapse bet ween 
taking samples A and B in the uninjected animals, and 60 minutes in the injected 
animals after the end of the injection before sample B was taken. Column A refers 
to the control period, column B to the experimental period. 


Experimental Data 


HO, gm COs, mM per . {HCOs3}, m.eq.' [Cl], m.eq. per 
Experi- | Ticue | Per kilo pH kilo pCOz, mm. | "her kilo HxO kilo HO 
ment No issuc , j 
A|B/A B A | B A| B|A|B |} A | B 
1 | Serum | 910) 899) 7.24) 7.24) 22.8) 23.2) 52.6) 53.5) 23.4) 24.1) 103.1) 101.1 
Muscle! 738) 746 12.2) 11.4} 10.4) 11.9 
7 Serum | 915) 914. 7.24) 7.23) 20.9] 19.0) 48.7) 44.2) 21.3) 19.4) 118.4) 116.0 
Muscle} 765) 767 10.5) 10.1 12.5} 11.7 
| Serum | 929) 952) 7.30) 7.30) 18.7) 18.9) 38.0) 38.2) 19.0) 18.7) 115.5) 119.2 
Musele 762) 778 10.2} 10.2 12.6| 17.0 
Derived Data 
E, gm. per kilo HO, gm. per kilo {[HCOs Ie, m.ea. H. cells {[HCOs |e 
muscle cells per kilo H0 cells — le oor 
A B A B A B A B A B 
1 87.9 101.0 715 719 13.3 11.6 6.96 | 6.88 0.54 0.46 
7 92.5 88.3 | 741 744 10.8 10.6 6.90 6.94 0.48 0.52 
21 9.9 130.1 739 746 11.0 10.3 7.02 6.99 | 0.55 0.52 


a slight decrease in the total CO, and intracellular HCO;. The distribution 
ratio of the bicarbonate ion between the extracellular fluid and the intra- 
cellular fluid increases greatly owing to the pronounced decrease produced 
in the extracellular fluid HCOs; concentration. No significant change 
occurs in the intracellular pH. 

Alkalosis Experiments— In Table IIT are shown the results obtained after 
the intravenous injection of a solution containing 40 ma _ per liter of 
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NaHCO; and 114 mo per liter of NaCl. A definite series of events was 
observed in a large series of animals so treated. Without exception, 
respiration was greatly increased both in rate and in volume. Toward the 
end of the injection period, or very shortly following the cessation of the 
injection, marked tetany appeared and persisted for 1 to 2 hours. As was 
to be expected, the serum pH increased, but contrary to expectation, the 


. TaBLe II 
Analyses of serum and muscle of animals injected intravenously with 100 ce. per 
kilo of body weight of a solution containing 10 mM per liter of HCl and 154 mm per 
liter of NaCl. 60 minutes were allowed to elapse between the end of the injection 
and securing sample B. Column A refers to the control period, column B to the 
experimental period. 


Experimental Data 


HO, gm pH COs, mM per [HCOs], m.eq.| [Cl], m.eq. per 


Experi-  Ticue | Pet kilo kilo pCO:, mm. |" her kilo H:0 kilo HO 
ment No aout 
A B A b A B A B \ B A B 
S Serum | 921; 945) 7.27) 7.13) 21.8)13.7 47.1) 39.9) 22.2) 13.3) 117.0) 129.1 
Muscle, 765) 779 12.5:10.5 11.7) 17.0 
17 Serum | 923) 946; 7.18) 7.00) 19.5):12.5 50.9) 47.6) 19.0) 11.8) 114.9) 124.3 
Muscle) 767) 780 11.4) 9.8 16.8; 20.6 
IS Serum | 911) 942) 7.30) 7.20, 22.9113.8 46.4) 34.7) 23.6) 13.6) 112.1) 125.2 
Muscle 757) 775 10.9) 8.78 16.3) 22.7 
19 Serum 921) 946) 7.25) 7.07 20.614.1 16.5) 46.2) 20.9) 13.5) 117.0) 127.5 
Muscle) 767) 783 11.6 9.5 14.1} 22.6 
Derived Data 
E, gm. per kilo HO, gm. per kilo [HCOs Ic, m.ec is [HCOs |c 
muscle cells per kilo H2O cells ps Oe [HCOs |g 
A B A B A B A B A B 
8 88.4 119.2 743 750 13.6 11.8 7.02 | 7.03 0.59 0.84 
17 129.1 150.0 734 741 11.9 10.6 6.92 6.90 0.59 0.85 
18 127.0 164.0 724 732 10.5 9.0 6.91 6.97 0.42 0.63 
19 117.0 | 127.5 740 740 12.2 9.6 6.97 | 6.87 0.55 0.68 


serum bicarbonate was only slightly elevated and in several animals had 
actually decreased at the end of the equilibration period of 1 hour. The 
serum chloride level remained essentially unchanged. Because of the in- 
crease in the blood lactic acid known to occur in conditions of alkalosis, 
several determinations of the blood lactie acid during the control period 
and at the time of taking the second sample of blood were made. No in- 


creases in the blood lactic acid were found in our experiments. In all 
cases, the total muscle CO, is lower after the injection than before, as is 
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the calculated cell bicarbonate. The concentration of water in the intra- 
cellular phase is increased significantly in some of the experiments. The 
shifts of water in the muscle in these experiments are the same as those 
previously described by Hastings and Eichelberger (3). The distribution 
ratio of the HCO;~ decreased, but the intracellular pH did not change 
significantly. 

Animals subjected to the intraperitoneal injection of bicarbonate solu- 
tions presented an entirely different picture. The data so obtained are 


Tasie III 
Analyses of serum and muscle of animals injected intravenously with 100 ec. per 
kilo of a solution containing 40 mm per liter of NaHCO, and 114 mo per liter of NaCl. 
60 minutes were allowed to elapse between the end of the injection and the time 


of securing sample B. 


Experimental Data 





HO, gm COs, mM per ‘(, {HCOs3}, m.eq.| [Cl], m.eq. per 
Experi-| Tiseue | Per kilo pH kilo PCO2,mm. |"perkiloH0 | — kilo Hx0 
ment No. — | | 
A |B A B A b A B A Bi A B 
12 Serum | 925! 946) 7.30) 7.45) 25.6] 25.8) 51.7) 37.4) 26.0) 26.1) 112.5) 116.0 
3 Serum | 919| 945) 7.29] 7.39) 22.4) 23.1) 46.5) 38.3) 22.9) 23.2) 114.0) 113.0 
Muscle, 751) 772 12.9) 11.6 13.2; 15.5 
6 Serum 916) 934) 7.20) 7.38) 20.3) 20.9 50.7) 36.6) 20.6) 20.3) 117.4) 117.5 
Muscle 763 778 10.7; 9.8 10.5) 16.1 
Derived Data 
E, gm. per kilo HO, gm. perkilo | [HCOsJc, m.eq. H. cells _[HCOs|e 
muscle cells per kilo H20 cells P=, Coe (HCOs lg 
A B A B A B A B A B 
12 123.5 140.0 737 748 12.1 aA 6.93 6.81 0.44 0.28 
3 102.0 124.1 724 740 14.3 11.7 7.04. 7.04 | 0.59 0.48 
6 78.7 123.0 744 748 53.3 9.7 6.90 6.97 | 0.52 0.45 


presented in Table IV. Little or no visible stimulation of respiration 
occurred and only one animal showed any evidence of tetany. Typical 
metabolic alkalosis of a marked grade was present. The serum HCO; 
concentration was approximately doubled, with a corresponding decrease 
in the serum chloride level. The pH and the CO, tension of the serum were 
increased. In all experiments, there was an increase in the total muscle 
CO,, although the bicarbonate concentration of the cells on a water basis, 
[HCOs]-, decreased in the experiments with isotonic NaHCO; (Experi- 
ments 23, 25, 26). The bicarbonate distribution ratio between extra- 





646 


BICARBONATE 


ION IN MUSCLE 


cellular fluid and cells decreased greatly. 
of the intracellular phase occurred. 


solution injected contained glucose in a concentration of 25 per cent. 


In Experiment 


A considerable drop in the pH 


99 


a, 


the bicarbonate 


In 


this experiment, the extracellular fluid, £, increased greatly and the intra- 
This is in accord with the findings of previous 


cellular fluid decreased. 


investigators (31, 32). 


per kilo of a solution containing 150 mm per liter of NaHCO, 


In the remaining experiments of this series in 


TaBLe IV 


(Analyses of serum and muscle of animals injected intraperitoneally with 100 ce. 


samples B were taken after 6 hours of equilibration. 


Blood 


and muscle 


In Experiment 22, the biear- 


bonate solution was made hypertonic by the addition of 250 gm. per liter of glucose. 


Experimental Data 





3 & 


-y 


i 





. HO, gm COs, mM per . ’ HCOs3), m.eq Cl), m.eq. per 
Experi per kilo Hi kilo pCO2z,mm. | ‘berkiloHiO | kilo HO 
ment I i€ 

No 
A B K \ B A B A B A B 
22 Serum | 915 914) 7.25) 7.50 22.5) 46.0 50.6 60.0 23.0) 48.1) 114.0) 83.3 
Muscle 766 753 10.0 15.1 16.9 15.4 
23 Serum | 920 923) 7.35) 7.55) 19.7 43.4 35.6 50.7 20.3) 45.4) 115.5) 91.0 
Muscle) 775 784 9.1) 11.7 IS.1) 13.0 
25 Serum | 917 916) 7.35 7.50) 22.0) 42.6, 38.9) 54.3) 22.0) 44.9 114.1) 90.7 
Muscle 762 771 9.4) 11.5 17.3 14.6 
26 Serum § 926 930) 7.35 7.50 19.3) 38.4) 35.0 50.0 19.7) 39.8 112.6 89.9 
Muscle 778) 779 10.1) 13.2 22.8} 17.8 
Derived Data 
E, gm. per kilo HO, em. per kilo HCOs |e, m.eq - oo HCOs |e 
muscle cells per kilo H2O cells papas HCOs |g 
\ B \ B \ KB 4 K A B 
22 130 162 731 705 8.7 9.2 6.80 6.74 0.36 0.18 
23 138 126 740 753 $3 6.8 6.92 6.78 0.37 0.14 
25 34 141 725 735 8.5 5.5 6.90 6.56 0.37 0.12 
26 180 177 730 731 9] 7.6 697 6.74 0.4 0.18 


which an isotonic bicarbonate solution was employed, little change occurred 
in the proportion of extracellular phase. 

As noted under the section on experimental procedure, the 
analyses on the intraperitoneally injected animals were carried out on 


control 


tissues taken at an earlier period in the experiment than in the intravenous 
The ealeulated values for the intracellular HCO; are some- 
This may 


experiments. 
what lower in these experiments than in the intravenous ones. 
be related to the lower CO, tensions of the blood in the experiments of 


Table LV. 


———— 
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DISCUSSION 

The experiments just presented had for their purpose the determination 
of the intracellular HCO; concentration and pH when the acid-base balance 
of the circulating blood plasma, and presumably the environmental fluid 
of the cells, had been altered. The changes produced in the acid-base 
balance of the plasma included both metabolic acidosis and metabolic 
alkalosis. A mild alkalosis was produced by the intravenous injection of 
NaHCO;, and a severe alkalosis by the intraperitoneal injection of 
NaHCQs. 

The small influence of varying the plasma HCO; concentration on the 
intracellular HCO; is shown graphically in Fig. 1. The height of each 








4 pH Lv. NAO, LR NAHCO, 


NORMAL ACIDOSIS ALKALOS! ALKALOSIS 


Fic. 1. Serum bicarbonate and intracellular bicarbonate in acidosis and alkalosis. 
The height of each column represents the ratio of the final HCO; concentration to 
the initial concentration. The left-hand column of each pair represents the ratio 
for serum and the right-hand the ratio for the intracellular phase of muscle. ApH 
denotes the change in pH of the respective phases from the initial to final condition. 
I. P. designates intraperitoneal and I. V., intravenous administration. 


column represents the ratio of the final [HCO,] concentration to the initial 
[HCOs;]. The ratios have been calculated from the mean HCO; values 
for each series of experiments. The left-hand column of each pair denotes 
the [HCOs] ratio for serum, the right-hand column the corresponding ratio 
for the intracellular phase of the muscle. 

It is seen that, although the serum HCO; was reduced in the acidosis 
experiments to 60 per cent of its initial value and increased in the alkalosis 
experiments produced by intraperitoneal injection to 100 per cent above 
its initial value, the ratios of the final intracellular HCO; concentration to 
the initial HCO; remained remarkably constant. There was in all in- 
stances a small average decrease in intracellular HCQOs, its final value being 
85 per cent of the initial value in the three types of experiments in which 
the acid-base balance was displaced and 90 per cent in the control ex- 
periments. 
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These data are therefore interpreted as indicating that the intracellular HCO, 
concentration of muscle is not directly influenced by the concentration of HCO, 
in the extracellular fluid. 

If the above conclusion, that the intracellular HCO; remains essentially 
constant, is valid, it follows that the intracellular pH is influenced largely 
by changes in CO, tension. Although no direct determinations of intra- 
cellular CO, tension in tissues are yet practicable, it is possible to calculate 
the maximum intracellular pH assuming the intracellular CO, tension is 
equal to that of venous blood. This has been done in the experiments just 
presented and the differences between the means of the initial and final 
pH values for the serum and for the intracellular phase have been listed 
at the bottom of Fig. 1. When the difference in CO, tensions was slight 
and in the same direction as the change in intracellular HCOs, as in the 
case of the intravenous injection of acid and alkaline solutions, the resulting 
change in intracellular pH was negligible. When the change in CO, ten- 
sion of the blood was great and in the opposite direction to that of the 
intracellular HCO3, as happened after the intraperitoneal injection of 
NaHCoO,, the change in intracellular pH was large. Indeed, although the 
serum pH increased 0.19 in this latter series of experiments, the intra- 
cellular pH decreased by 0.18. 

It would thus appear that the intracellular pH of muscle is influenced 
primarily by the CO, tension of the environmental fluid of the cells and 
not primarily by its pH. It may therefore be concluded that a condition 
of alkalosis accompanied by an increased CO, tension may be characterized 
by an intracellular acidosis. Whether or not a condition of acidosis asso- 
ciated with a decreased CO, tension would be accompanied by an intra- 
cellular alkalosis awaits investigation. 


SUMMARY 


a) 


Experiments on anesthetized cats are described in which the acid-base 
balance of the animals was varied by the intravenous and intraperitoneal 
injection of acid and alkaline solutions and the changes in the blood and 
muscle CO., water, and chloride studied. 

A method is described whereby these data may be used to calculate the 
intracellular bicarbonate and pH of the muscle cell in the anesthetized 
animal. 

It was shown that the intracellular bicarbonate remains relatively un- 
changed despite wide changes in the extracellular bicarbonate and it is 
concluded that the muscle cell is normally impermeable to the bicarbonate 
ion. The effect of such an impermeability upon the intracellular pH is 
discussed. 

The mean intracellular pH of the skeletal muscle of the cat is calculated 
to be pH 6.93 + 0.12. 
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AN IN VITRO STUDY OF CARBON DIOXIDE EQUILIBRIA IN 
MAMMALIAN MUSCLE 


By WILLIAM M. WALLACE ano OLIVER H. LOWRY 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, May 14, 1942) 


In the preceding communication, which dealt with the carbon dioxide 
content of mammalian muscle, data were presented which could best be 
explained by assuming that the muscle fiber is impermeable to bicarbon- 
ate ion. ‘These experiments were performed on cats rendered acidotic 
and alkalotic by the injection of acid and alkaline solutions. In such 
experiments with intact animals, it was difficult to control the condi- 
tion of the serum with any precision because of strong compensatory 
physiological reactions to the acid or basic shifts. Nor was it found 
possible to change the reaction of the serum, and hence of the fluid around 
the fibers, over a wide range without causing the death of the animal. 

It was evident that by producing greater changes in the bicarbonate 
ion and carbon dioxide tension of the fluid bathing the muscle fibers, more 
definite evidence would be obtained as to the relationships existing be- 
tween the intra- and extracellular hydrogen and bicarbonate ion concen- 
trations. By equilibrating skeletal muscle with various solutions in 
vitro, it was possible (a) to establish better control over the fluid environ- 
ment of the skeletal muscle fibers studied, and (b) to vary the composition 
of this environment over wide limits. 

The results of these in vitro experiments appear to confirm the in vivo 


studies. 
Experimental Procedure and Methods 


One-half of the entire abdominal musculature of the rat was used for 
each equilibration. The full thickness of the musculature was removed 
with care to avoid trauma. Wherever possible, incisions were made 
through raphes or tendons to avoid cutting across fibers. In this manner, 
two sheets of muscle each roughly 40 X 50 X 2 mm. were obtained from 
each rat. 

These muscle preparations were equilibrated in 125 ec. Erlenmeyer 
flasks completely filled with various salt solutions. The equilibrations 
were carried out anaerobically by saturating the solutions with nitrogen 
and subsequently admitting CO» until the desired pH was attained. The 
flasks were slowly rotated either for 45 minutes at 36°, or for 2.5 hours at 
6°. From preliminary experiments, it had been found that these times 
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permitted equilibrium to be established without drastic alterations in the 
permeability characteristics of the muscle cells. All the solutions used 
contained cations in the following concentrations, in milliequivalents 
per liter, Na 140, K 4, Ca 1.5, Mg 1.5. 

The corresponding anions of the solution were HCO; or Cl. The pH was 
varied by varying the HCO; concentration or CO, tension. In order to 
prevent the pH from varying during the course of an experiment, owing 
to acid formation, all solutions contained the following buffer mixture, 
glyeylglycine 4 mm per liter, phosphate | mm per liter, and acetate 5 mu 
per liter. 

After the termination of the equilibrations, two muscle samples were 
removed in each case, one for the measurement of the total COs, and the 
other for the determination of the water, fat, and chloride concentrations. 
These two samples were taken from the obliquus externus, obliquus in- 
ternus, and transversus in a region where only a small proportion of the 
muscle fibers had been severed initially. The excess equilibration fluid 
was rapidly removed from the samples with filter paper. The samples 
used for CO, analysis were handled as rapidly as possible in order to mini- 
mize loss of COs. 

In spite of the period of anaerobiosis, these preparations were, in many 
respects, still excitable at the end of the equilibrations. For example, the 
muscle fibers were apparently still free of chloride ion as in the living 
animal. Occasionally, the muscles still responded to mechanical stimu- 
lation when removed from the equilibration medium. 

In order to obtain truly dead muscle, as a control, preparations were 
heated for 60 minutes at 50-54°. These samples were then equilibrated 
with various solutions as in the case of the original, fresh muscle. 

The pH values of the equilibration media were determined with the 
glass electrode at 25°. From these values, the pH values at the respective 
equilibration temperatures were calculated. The other chemical methods 
and methods of calculation have been described in the preceding com- 
munication. In calculating the amount of extracellular fluid, the equi- 
libration medium and the extracellular fluid have been regarded as 
identical. 


Results 


In Table I are muscle data obtained following 2.5 hours equilibration at 
6° with solutions of not widely different CO, tensions, but which con- 
tained from 0 to 87.0 mM of bicarbonate ion per liter. 

The bicarbonate ion concentration in the fibers completely failed to 
respond to the wide differences in bicarbonate concentration of the external 


solutions. There was actually less bicarbonate observed in the fibers 
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Muscle Data Obtained Following 2.6 Hours Equilibration at 6° with Solutions of Nearly 
Constant CO, Tension, but with Varying Bicarbonate Concentration 


Solution 
Tissue 
Solution 
Tissue 
Solution 
Tissue 
Solution 
Tissue 
Solution 
Tissue 
Solution 
Tissue 
Solution 
| issue 
Solution 


Tissue 


External solution 


Intracellular phase 


External solution 
Intracellular phase 
External solution 
Intracellular phase 
External solution 
Intracellular phase 
External solution 
Intracellular phase 
External solution 
Intracellular phase 
External solution 
Intracellular phase 
External solution 
Intracellular phase 


pH 


3 


(2 


Derived Data 


| pH 
| 


02 


12 


pl ‘Os 


0 
0 


Experimental Data 


{[HCOs"] 


m.eq. per 
ke. HO 


87.0 


19.6 
5.8 
3.28 
6.81 
0.3 
6.91 
0.04 
9.50 
0.00 

10.2 


(H20) » 


gm. per ke. 
797 
777 
777 
803 
799 
798 
792 
777 
HICOs"Ie 2 mo) 
(HCOs~], 
mig | gm. ber 
munis kg. cells 
e 328 700 
0.091 | 141 743 
° 150 740 
0.30 281 744 
2.08 242 739 
24.7 219 740 
237.0 193 745 
200 704 


* In these experiments, the calculated extracellular bicarbonate more than ac- 


counted for the bicarbonate in the whole tissue, leaving none for the fibers. 
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following equilibration with a solution containing 19.6 ma of HCOs> per 
liter than with one containing no HCO ;. In the case of the highest exter- 
nal bicarbonate concentration, the extracellular bicarbonate more than 
accounted for all of the bicarbonate found in the tissue, leaving none for 
the fibers. This might indicate either a sampling error in respect to the 
amount of extracellular fluid, or the presence of a small amount of intra- 
cellular chloride. 

The ratio r of intracellular to extracellular bicarbonate concentration 
is given in Table I. The fact that this ratio varies so widely would seem 
to be strong evidence that the muscle fibers are impermeable to the bi- 
‘arbonate ion, and hence to the hydrogen ion as well. 

In Fig. 1, the concentration of bicarbonate in the water of the muscle 
fibers has been plotted against the bicarbonate concentration in the me- 


x - 2% HOURS AT 6° 

O- % HOURS AT 36° 
@- HEATED CONTROL 
---CALCULATED BEHAVIOR OF 
RED CELLS 
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ME, HCO,” OF SOLN/Ks. H,0 
Fic. 1. Bicarbonate concentration of the equilibration solution plotted against 
the calculated concentration of the intracellular bicarbonate. Points falling off the 
coordinates are those in which the calculated extracellular bicarbonate more than 
accounted for the total tissue bicarbonate. 


dium. In addition to the results at 6°, the values obtained at 36° with 
fresh muscle, and those obtained at 6° with heat-treated muscle have 
been included. The bicarbonate ion concentrations in the experiment 
on heat-treated muscle have been calculated on the basis of total tissue 
water. In all of these experiments, the CO, tension was kept nearly 
constant and the pH varied by varying the HCO ; concentrations of the 
solutions. A dotted line indicates the values that would have been ex- 
pected from red ceils under similar circumstances, as daleulated from the 
data of Dill et al.! 

There is a striking difference in the behavior of fresh muscle on the one 


‘Dill, D. B., Edwards, H. T., and Consolazio, W. V., J. Biol. Chem., 118, 635 
(1937). 
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hand, and of heated control muscle or red cells on the other. Whereas 
the bicarbonate concentrations in the heated muscle and red cells are 
directly related to the bicarbonate concentration of their environment, the 
bicarbonate of the unheated muscle shows no tendency to follow that of the 
external environment. 

In similar experiments, the bicarbonate ion concentration was kept 
constant and the CO, tension was varied over wide limits. In general, the 
concentration of bicarbonate ion in the fibers increased as the CO, tension 
increased. However, the data were not sufficiently consistent to permit 
calculation of the buffer index of the muscle fibers. 


SUMMARY 

1. Surviving skeletal muscle of the rat has been equilibrated in vitro 
with solutions of widely varying pH by varying the bicarbonate ion con- 
centration of the external environment. 

2. When the CO, pressure remained constant and the bicarbonate ion 
concentration in the equilibration fluid was increased from 0.0 to 87 mm 
per liter, the intracellular bicarbonate ion concentration remained nearly 
constant. 

3. Heating the muscle to 54° abolished the marked discrepancy between 
the bicarbonate ion concentration of tissue and equilibration fluid. 

!. These results are considered as strong evidence that under the condi- 
tions of the experiments, the muscle fibers were highly impermeable to 
bicarbonate ion. Furthermore, it seems unlikely that these muscle fibers 
would be any more permeable in vivo than in vitro, but rather the reverse, 
since, during the equilibration described, the muscles were admittedly 
surviving under conditions which would ultimately lead to complete loss 


of fiber impermeability. 
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THE ROLE OF PYRUVATE IN THE METABOLISM OF ETHYL 
ALCOHOL 


By W. W. WESTERFELD, ELMER STOTZ, ano ROBERT L. BERG 


From the Department of Biological Chemisiry, Harvard Medical School, Boston, and 
the Biochemical Laboratory of the McLean Hospital, Waverley, Massachusetts) 


(Received for publication, May 13, 1942) 


There is a great deal of evidence that the metabolism of alcohol is favored 
by the simultaneous metabolism of carbohydrate. Thus, alcohol increases 
the blood sugar at the expense of liver glycogen (1-3), and when the latter 
is depleted by fasting, alcohol utilization is depressed (4-6) and parallels 
carbohydrate oxidation (7, 8). Feeding large doses of carbohydrate in- 
creases the rate of alcohol oxidation (8, 9). Insulin stimulates the me- 
tabolism of alcohol, especially when given simultaneously with sugar 
(10-15). Other evidence of a relationship between carbohydrate and 
alcohol metabolism has been obtained (15-20). One intermediary of 
carbohydrate metabolism, 7.e. pyruvate, has been shown by Leloir and 
Munoz (6) to accelerate the oxidation of alcohol by liver slices. 

The nature of this relationship has remained obscure because the com- 
plete pathway of alcohol metabolism is unknown. It is relatively certain 
that the first step is an oxidation of alcohol to acetaldehyde, though the 
evidence is indirect. The only known enzyme which will attack ethyl 
alcohol is the aleohol dehydrogenase (21-25), which converts it to acetalde- 
hyde. This enzyme is located almost exclusively in the liver (6, 21, 23), 
and there is abundant evidence from perfusion studies (3, 5, 10, 26-28) 
and liver poisoning (5, 10, 29-31) that the liver is the principal organ in 
the body capable of the initial oxidation of alcohol. 

The possibility that aleohol metabolism then proceeds by condensation 
of the acetaldehyde with pyruvate to form acetoin was suggested by the 
recent preparation from mammalian tissues by Green et al. (32) of the 


Carbohydrate 


\ J, 


CH,-CHO CH,-C -COOH 
Acetaidehyde Pyruvic Acid 
Fi 
© OH 
CHy-C -CH-CHy 
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diphosphothiamine enzyme system responsible for this reaction. Accord. 
ing to this theory, the first two steps in aleohol metabolism are illustrated 
in the accompanying formula. 

The above considerations led to the experiments herein reported, in 
which the effect of pyruvate on the blood alcohol curve in dogs was studied; 
conversely, the effect of alcohol on blood pyruvate relations was also 
determined. The increased utilization of either substance produced by an 
excess of the other establishes an intimate relationship in their metabolism, 
A similar effect from dl-alanine was correlated with its conversion to 
pyruvate. 


EXPERIMENTAL 


Normal dogs were fasted 16 to 18 hours and then given 20 per cent ethyl 
aleohol by stomach tube in a dose of 2 to 3 ce. of absolute alcohol per kilo 
of body weight. Approximately 3 hours were allowed for complete absorp- 
tion and distribution of the alcohol. The normal or control rate of alcohol 
disappearance from the blood was then established in each experiment 
during the next 2 to 3 hours. The test substance was then administered 
by stomach tube in two doses with a | hour interval between, and its 
effect on the blood alcohol curve noted for 4 to 6 hours. Each experiment 
therefore embodied its own control. 

Blood samples were taken from the leg veins. For alcohol analysis, 
duplicate 0.2 cc. samples (oxalated) were precipitated with 10 ec. of dilute 
tungstic acid (freshly prepared from 4 ec. of 10 per cent Na,.WO, and 4 ee. 
of 3 N H,SO, diluted to 100 ce.). Alcohol was estimated in the centrifuged 
supernatant fluid by a micromodification of the dichromate oxidation 
method previously described (33). 8 cc. or an aliquot diluted to 8 ee. 
was distilled from a 25 ec. flask attached to a 6 inch all-glass condenser. 
The end of the condenser tube was bent so that the distillate was trapped 
beneath the surface of a mixture consisting of 3 cc. of 20 n H.SO, and | ee. 
of 0.08518 per cent potassium dichromate contained in a chemically clean 
25 ec. glass-stoppered cylinder immersed in an ice bath. The distillate 
and washings were collected to exactly the 10 cc. mark, the contents mixed, 
the glass stopper sealed with a drop of H,SO,, and the cylinder partly 
immersed in a water bath at 85° for 45 minutes. After cooling, the dichro- 
mate remaining was determined directly with a Coleman DM photoelectric 

spectrophotometer at \ = 370 mu. The equivalent reduced dichromate did 
not absorb at this wave-length and the log transmission was in linear pro- 
portion to the dichromate concentration. The recovery of alcohol by this 
procedure was complete, and duplicate determinations including the sam- 
pling of blood have agreed within 2 per cent in 90 per cent of the 
determinations. 
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For pyruvate determinations, | cc. of blood (collected in iodoacetate- 
oxalate) was deproteinized in 4 ce. of 10 per cent trichloroacetic acid. 
Pyruvic acid analysis was carried out on 3 ce. of the filtrate by the method 
of Bueding and Wortis (34) and lactic acid on a copper-lime-treated filtrate 
according to the method of Barker and Summerson (35). 

Effect of Pyruvate on Blood Alcohol Curve—The effect of administering 
pyruvate on the disappearance of blood alcohol is illustrated by several 
typical curves in Fig. 1. The well known linear decrease in blood alcohol 
was observed in the control curve (No. I). Following the oral adminis- 
tration of sodium pyruvate, the rate of disappearance was increased 330 
per cent (Curve IT) and 259 per cent (Curve III) above the rates observed 
during the control period. Other experiments of a similar nature are 
summarized in Table I, and show an average increase of 260 per cent in 
the rate of disappearance of alcohol due to the pyruvate. Equivalent 
doses of glucose or NaHCO, did not alter the control rate. 

The demonstration of a pyruvate effect by this method indicates that in 
the normal metabolism of alcohol, the rate is governed by the supply of 
pyruvate available. For if an excess of pyruvate were constantly available 
for this metabolism, then the administration of more pyruvate would have 
had no effect on the rate of alcohol metabolism. The variations 
encountered in the rate of aleohol metabolism in the same animal or in 
different species are probably due to variations in the pyruvate supply. 
Preliminary experiments by the LeBreton procedure (36) showed that 
pyruvate had little or no effect on the rate of alcohol metabolism in rats. 
In this species, which normally oxidizes alcohol more rapidly than the 
larger animals (36), the supply of pyruvate apparently is not the limiting 
factor in the rate of the reaction. 

In the experiments on dogs, a maximum rate of decrease in blood alcohol 
of 21 to 25 mg. per cent per hour could not be exceeded by giving larger 
doses of pyruvate. Alloxan, which was found by Bernheim (37) to increase 
the oxidation of alcohol zn vitro, had little or no effect in conjunction with 
pyruvate when administered in vivo. Two 5 gm. doses of sodium pyruvate 
were well tolerated, but the second of two 10 gm. doses was usually vomited 
after 30 to 45 minutes. 

Effect of Alanine The administration of dl-alanine' produced increases 
in the rate of blood alcohol disappearance comparable to those obtained 
with pyruvate. In some dogs, the maximum effect of alanine was observed 
only after an initial lag period. Typical curves are illustrated in Fig. 2. 

Widmark (38) first observed a “lowering’”’ of the blood alcohol curve 
when alanine was given simultaneously with the alcohol; several explana- 


! The authors are indebted to Merck and Company, Inc., for their generous gift 


of alanine used in these experiments. 
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Fic. 1. The effect of administered pyruvate on the disappearance of blood alcohol. 


Dog 3M; 13.9 kilos. 
35 ec. for Curve III. 


Control Curve I, 


alcohol, 6.0 mg. per cent per hour. 
of water given orally at each arrow; control rate 6.6 mg. per cent per hour; after 


pyruvate 21.8. 
at each arrow; control rate 8.2 mg. per cent per hour; after pyruvate 21.2 


TABLE I 


Alcohol was administered at 0 time, 30 ce. for Curves I and II, 
no further treatment; rate of fall of blood 
Curve II, 10 gm. of sodium pyruvate in 125 ee. 


Curve III, 5 gm. of sodium pyruvate in 75 cc. of water given orally 


Effect of Administered Pyruvate on Disappearance of Blood Alcohol 


Dogand | Weight 


sex 


ort bo bO 


i> 


6M 


Averaget 


Oral administrations 


Absolute 
alcohol 


25 
30 
10) 
35 


35 


Sodium 
pyruvate 


um 
Ss 
10,* 10 
10, 5 
as 
a 4 


Time of 

pyruvate 
adminis- 
tration 


266 
{04 
105 
409 
376 


Intercept 
at 0 time 


me. per 
cent blood 
alcohol 


147 
202 
140 
174 
190 


Rate of decrease of blood alcohol 


Control 


me. per 


cent 


mH I— = 


g 


l 
l 
7 
} 
5 


per hr 


After pyruvate 


Ist hr. 2nd hr. 
me. per me. per 
cent cent 
25.2 19.5 
27.2 17.8 
11.3 10.9 
16.0 15.7 
25.3 22.2 
21.1 17.4 


*5 gm. of alloxan were administered with the first dose of pyruvate 
+t The average includes experiments on Dog 3M (plotted in Fig. 1). 














tit 

















WESTERFELD, STOTZ, AND BERG 661 


tions were Offered (38,39). Further studies by LeBreton (40) and Eggleton 
(41) left little doubt that alanine increased the rate of alcohol metabolism. 

The conversion of alanine to pyruvate by oxidative deamination is a well 
known metabolic reaction, and the effect of alanine on the blood alcohol 
curve is attributed to the pyruvate formed. The increase in blood 
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TIME MINUTES 
Fic. 2. The effeet of d/-alanine on the disappearance of blood alcohol. Curve I, 
Dog 2F: 9.8 kilos. 25 ce. of aleohol were administered at 0 time. 8.5 gm. of alanine 
in 75 ec. of water given at each arrow. Control rate 5.0 mg. per cent per hour; after 
alanine 13.2 (Ist hour), 21.8 (2nd hour). Curve II, Dog 7F; 18.4 kilos. 47.5 ec. of 
aleohol were administered at 0 time; 8.0 gm. of alanine in 125 ec. of water given at 
each arrow. Control rate 10.6 mg. per cent per hour; after alanine 22.2 (Ist hour), 


24.7 (2nd hour). 


pyruvate and lactate resulting from alanine administration is illustrated 
in Fig. 3. 

Effect of Alcohol on Blood Pyruvate and Lactate Curves—Comparison 
of the blood pyruvate and lactate curves resulting from the administration 
of pyruvate to untreated dogs and to dogs previously receiving alcohol 
showed an increased rate of pyruvate utilization during alcohol metabolism. 
In Fig. 4, Curves IP and IL trace the normal rise and fall in blood pyruvate 
and lactate respectively when 5 gm. of sodium pyruvate were given to a 
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fasted dog. When the pyruvate was given to the same dog 73 hours after 
the usual dose of alcohol, Curves ITP and IIL were obtained. Although 
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ric. 3. Blood pyruvate and lactate response to the oral administration of dl. 
alanine. Dog 7F; 18.4 kilos. 8.0 gm. of alanine were given at 0 time 
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Fic. 4. Blood pyruvate and lactate response to the oral administration of sodium 
pyruvate (Curves I) normally and (Curves II) in the same dog having previously 
received alcohol. Dog 3M; 13.9 kilos. 5.0 gm. of sodium pyruvate in 75 ec. of water 
were given at 0 time; Curves IP and IL, blood pyruvate and lactate respectively in 
previously untreated dog. Curves ITP and IIL, the same when the pyruvate was 
given 452 minutes after the dog had received 35 ec. of aleohol 


the blood lactate curves are similar, the blood pyruvate rise in the dog 
metabolizing alcohol was markedly less than in the normal dog; during 
alcohol metabolism, pyruvate was utilized so rapidly that it failed to in- 
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erease appreciably the pyruvate concentration in the systemic veins. 
Thus, there exists a reciprocal relationship between pyruvate and alcohol 
metabolism, and the effect of pyruvate on the disappearance of alcohol is 
correlated with a simultaneous metabolism of the pyruvate. 

Stotz and Bessey (42) found a fixed parallel relationship between the 
blood pyruvate and lactate in a normal animal, in spite of fluctuations in 
absolute amounts produced by factors such as anoxia and exercise. This 
ratio was found to be normal after pyruvate administration to the untreated 
dog, but in the dog metabolizing alcohol the ratio indicated an abnormally 
rapid removal of pyruvate. In thiamine deficiency, an abnormally slow 
removal of pyruvate was indicated by a ratio altered in the opposite 
direction (42). 

DISCUSSION 

The in vivo relationship between pyruvate and alcohol metabolism 
demonstrated in this study provides a rational basis for the various facts 
recorded in the literature concerning the relationship between carbohydrate 
and alcohol metabolism. The increased alcohol oxidation resulting from 
insulin may also be due to an increased pyruvate production, especially 
since insulin has been shown (43) to increase the formation of pyruvate 
from glucose. Widmark (13) showed that insulin was unable to increase 
the rate of alcohol metabolism in dogs beyond 19 mg. per cent per hour. 

Leloir and Munoz (6) previously reported that pyruvate increased the 
oxidation of alcohol by liver slices, and attributed this effect to a coupled 
oxidation-reduction of the aleohol and pyruvate. The evidence obtained 
in the present study cannot exclude this possibility as an explanation for 
the pyruvate effect, nor can the in vitro studies be entirely explained by the 
oxidation-reduction mechanism. The need for thiamine in the metabolism 
of aleohol (44) tends to support the acetaldehyde-pyruvate condensation 
mechanism, but the establishment of either one or a combination of both of 
these theories as the mechanism of the pyruvate effect awaits further study. 

The so called carbohydrate sparing action of aleohol (45-51), which 
appears to be diametrically opposed to the previously cited fact that 
alcohol requires simultaneous carbohydrate oxidation, may be reconciled 
on the basis of the proposed mechanism. In normal carbohydrate metab- 
olism, 2 moles of pyruvate would be required to form 1 mole of acetoin, 
whereas during alcohol metabolism, only 1 mole of pyruvate (from carbo- 
hydrate) and 1 mole of acetaldehyde (from alcohol) would be required to 
form the mole of acetoin. 

A metabolic basis for the occurrence of “alcoholic” pellagra (52, 53) 
and polyneuritis (44, 54-57) in chronie alcoholics is furnished by the 
proposed pathway, since the oxidation of aleohol to acetaldehyde requires 
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the nicotinamide coenzyme (24, 25), and the acetaldehyde-pyruvate 
condensation requires diphosphothiamine (32). It has been established 
(58) for thiamine in carbohydrate metabolism that the vitamin require. 
ment parallels its rate of utilization in the metabolic processes. The need 
for nicotinamide and thiamine in the metabolism of alcohol would, there. 
fore, increase their requirements above that needed solely for the metab. 
olism of any other foodstuffs (44). On this basis, the chronic alcoholic 
maintains a high requirement for nicotinamide and thiamine because of the 
utilization of these vitamins in the metabolism of the alcohol, but he 
actually derives a large part of his daily calories from vitamin-free alcohoi, 


SUMMARY 


The oral administration of sodium pyruvate to dogs that had received 
alcohol 4 to 6 hours earlier increased the rate of alcohol metabolism an 
average of 260 per cent as determined by a change in the rate of decrease 
of the blood alcohol from 8.1 mg. per cent per hour to 21.1 mg. per cent 
per hour. dl-Alanine exerted a similar effect, and this was correlated 
with its metabolic conversion to pyruvate. 

Blood pyruvate studies indicated a more rapid utilization of pyruvate 
during aleohol metabolism and a simultaneous disappearance of the aleohol 
and pyruvate. An in vivo relationship between pyruvate and alcohol 
metabolism is thereby established, and provides a metabolic basis for the 
relationship between carbohydrate and alcohol metabolism. 

The theory is proposed that the acetaldehyde resulting from alcohol 
oxidation undergoes condensation with pyruvate to form acetoin. This 
mechanism of aleohol metabolism provides a rational explanation for the 
high incidence of polyneuritis and pellagra in chronic alcoholism. 
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There have been few recent investigations dealing with the proteins of 
human seminal plasma. In 1888 Posner (1) found an unusual protein 
in urine, traced its presence to contamination with semen, and identified 
it as a proteose (propeptone). Slowtzoff (2) reported the presence of 
“guelein,’’ but it is not clear whether he worked with seminal plasma or 
whole semen, though the latter appears to be more likely. He also found 
proteoses, as well as albumin and traces of mucin. Fiirbringer (3) stated 
that the seminal vesicles contain a gelatinous secretion which liquefies 
soon after seminal ejaculation and which he believed to be a globulin. 
We have been unable to find a description of the experiments upon which 
this belief was based. Recently, Goldblatt (4) reported that seminal 
plasma contains primary and secondary proteoses, a considerable amount 
of albumin, a small quantity of nucleoprotein, and traces of globulin and 
mucin. He states that mucin is removed from semen by centrifugation. 

Our purpose was to investigate the proteins of human seminal plasma, 
by means of electrophoretic, chemical, and serologic methods. The 
present report records the results of electrophoretic examination of the 
plasma and of certain fractions obtained by chemical treatment. In the 
course of this work three protein components have been separated in an 
electrophoretically pure form. The serologic experiments will be reported 
elsewhere later. 

Methods 


Semen specimens were obtained from apparently healthy men and were 
centrifuged as promptly as possible. The electrophoretic analyses were 
earried out by use of the Tiselius apparatus (5) having a single section 
long micro cell (capacity 2 ml.) and the Toepler schlieren optical method 
with adaptations of Longsworth (6) and of Philpot (7) and Svensson (8). 
The channel of this cell is 2 mm. wide, 15 mm. deep (along the optic path), 
and 50 mm. high. The bottom connecting link completing the U-tube 
has the same area as the upright limbs and, together with one upright 
limb, is filled with the seminal plasma. The rest of the system is filled 


* This work has been made possible by a grant from the National Committee on 
Maternal Health, Inc., to whom we wish to express our thanks. 
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with buffer. Protein-buffer boundaries were formed by realigning the 
central section of the cell with bottom and top connecting channels by 
means of a pneumatic piston. Before voltage was applied, the boundaries 
were pushed into full view by means of a clock and plunger, arranged to 
move the boundary 4 mm. in 25 minutes. This was slow enough to avoid 
disturbing the boundaries, which were then photographed to give a start- 
ing point for mobility measurements. This arrangement has been used 
to great advantage in studying materials obtainable in limited quantities, 
such as cerebrospinal fluid (9), and in identifying separated serum com. 
ponents (10). The mobilities and character of patterns obtained with 
this apparatus agree exactly with those obtained with the standard electro. 
phoresis cell of 11 ml. capacity. 

The preparations were dialyzed in viscose sausage casings in the re- 
frigerator against 500 cc. of phosphate buffer containing 0.055 m NaC} 
(pH 7.85 and ionic strength 0.1) for 24 hours and then against a liter 
of fresh buffer for 24 hours. The second volume of buffer was used as the 
electrode solution. Electrophoresis was carried out at about 1.5°. The 
current employed was usually 9 milliamperes, giving a potential in the 
cell of about 6.4 volts per em. Conductance (11) and pH measurements 
were made on the buffer solution in every experiment and with few excep- 
tions on the preparation also. The mobilities are expressed in em! 
volt! sec.—' X 10-°. The chemical treatment will be described separately 
for each preparation. 


Observations and Interpretations 


Several electrophoretic patterns of whole seminal plasma are shown in 
order to illustrate quantitative differences in the composition of different 
specimens. These differences arise from the fact that the plasma as a 
whole is composed of fluids contributed by several organs. 

The electrophoretic patterns of two samples of seminal plasma are shown 
in Patterns Al and A2, Fig. 1. In both there are four distinct peaks, re- 
ferred to in this article as P1, P2, P3, and P4, in the order of increasing 
mobility. One of these had not moved at the pH at which the experiment 
was done. In a third pattern, No. A3, on a pooled sample which was 
dialyzed much longer than usual a fifth component is indicated. It is the 
most rapidly moving component and is seen in some of the patterns of cer- 
tain fractions of seminal plasma to be described later. Pattern A4!' was 


1 The semens from which the plasmas for Patterns Al, A2, and A4 were taken 
were examined microscopically, and were found to contain whole sperm in normal 
numbers. Morphologically, a very large percentage of the cells in the first two was 
normal; in the last a rather high percentage of abnormal cells was present, although 
two earlier specimens from the same individual showed relatively few abnormal cells. 
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obtained from a single specimen of plasma and illustrates a relative defi- 
































































































































ciency of components P3 and P4., 
To aid in the identification of the proteins represented by the different 
peaks in the patterns of whole seminal plasma, several procedures were used. 
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Fic. 1. Eleetrophoretie patterns of seminal plasma and fractions thereof. The 
numbers immediately under the patterns refer to the protein components indicated 
above them. Patterns with arrows pointing left are ascending; right, descending. 
The numbers under each block are electrophoretic pattern numbers. 


The “proteose” fraction passed through the viscose membrane and was not 
coagulated by heat. Several plasmas were dialyzed against small volumes 
of buffer solution which were pooled and half saturated with ammonium 
sulfate. The supernatant of this was then completely saturated with the 
same salt. The first fraction gave precipitates from weakly acid solutions 
with potassium ferrocyanide, sodium tungstate, and potassium picrate. 
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Addition of 10 per cent HNQOs vielded no precipitate; subsequent saturation 
with NaCl produced a moderate precipitate. Saturation with NaCl alone 
produced only a small precipitate after 2 days. Strong ammonia did not 
precipitate the protein. The biuret and xanthoproteic tests were positive. 
the Millon test faintly so. 

The second fraction also was precipitated, after the addition of acetic 
acid, by potassium ferrocvanide and sodium tungstate but not by potassium 
picrate nor by strong ammonia. As with the first fraction, HNO; caused 
no change until after saturation with NaCl. Saturation with NaCl caused 
no precipitation unless acetic acid was present. The protein color tests 
gave the same results as described above. 

An electrophoretic pattern of the isolated second fraction is shown in 
Pattern Bl. The mobility 0.95 identifies this fraction with peak P1 in the 
patterns of whole plasma.? There is indication in this pattern that more 
than one molecular species is present in this fraction. The varying values 
calculated for the mobility of this slowest moving component from several 
patterns in which it appears (Table I) support this idea. 

To some diluted seminal plasma, | per cent acetic acid was added. The 
precipitate which collected after 18 hours was removed and the supernatant 
was examined electrophoretically. Peaks Pl and P2 in Pattern Cl show 
clearly, and there are traces of the faster moving components. The experi- 
ment was repeated on two pooled specimens. Peaks Pl and P2 in Pattern 
(2, not shown in Fig. 1, were again present and peak P3 was just visible as 
an inflection in the P2 peak, more noticeable in the picture of the ascending 
limb than in that of the descending one. Component P4 was completely 
removed. 

The acetic acid precipitate was then investigated. Two specimens of 
plasma were pooled and dialyzed against running water. After the removal 
of the precipitate which formed, enough 5 per cent acetic acid was added to 
the supernatant to give maximal precipitation, and the precipitate so ob- 
tained was dissolved in 0.05 m HCI and reprecipitated by the addition of 
several volumes of water. It was then dissolved in the buffer solution and 
submitted to electrophoretic analysis. Its pattern, No. D1, shows a main 
component with a mobility of 6.35 (P5) and a second one with a mobility of 
5.53 (P4). From another specimen of plasma, not dialyzed against 
water, but diluted with 43 volumes of water and then treated with acetic 
acid, a precipitate was likewise obtained. This was dissolved in the 
buffer solution with the aid of a litthe NaOH. The electrophoretic 
pattern, No. D2, shows a single component with a mobility of 5.59 which 
corresponds with that of P4 in the patterns of whole plasma. There is no 
peak for P5 even after 1} hours. 


2 It has been observed that this component moves noticeably only in the descend 


ing limb of the apparatus at pH 7.85, 
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TABLE I 


Electrophoretic Mobilities of Seminal Plasma Proteins 


1 gece.! &K 10°. 


Phosphate buffer pH 7.85, 


containing 0.055 m NaCl; total ionic strength 0.1; potential 6.4 volts per em. 
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TaBLe I[—Concluded 
The descending limb is preferred for calculating mobilities. In some cases 
however, the ascending pattern has been used because of clearer definition (12), 
* A minus sign indicates that the component was absent. | 
t See the text. 
t Exclusive of Patterns F4, F5, F6, and G6. 


A third specimen of seminal plasma was dialyzed against water and, after 
an electrophoretic analysis was made of the water-soluble fraction (Pattern 
G3), it was treated with acetic acid. The precipitate so obtained, and 
purified by several reprecipitations from water, was composed of a single 
electrophoretic component, Pattern D3, with a mobility of 6.25. In the 
water-soluble fraction of the plasma from which it was prepared it had a 
mobility of 5.82, Pattern G3. 

Additional patterns of material precipitated by acetic acid out of the 
water-soluble fraction obtained from dialyzed seminal plasma are shown in 
Patterns D4, D5, and D6. The first of these was purified by three acetic 
acid precipitations out of weak NaOH solution and contains a main compo- 
nent with a mobility of 6.0; to which a small amount of P3 appears to cling 
in spite of the several reprecipitations. Pattern D5 is that of material simi- 
larly prepared and then reprecipitated three times out of 0.05 m HCl by the 
addition of water. The mobility of the main component is 6.45. The HC] 
treatment did not get rid of the small amount of P3. Pattern D6 is that of 
material identically prepared except that relatively large volumes of 0.05 
om HCl were employed. Here only a single component, with a mobility of 
6.59, appears. Pattern D7 (not illustrated in Fig. 1), data for which appear 
in Table I, showed P4 and P5 with some P3. Some of our preparations of 
acetic acid-precipitable material have, therefore, been freed of P3, while 
others have not, and we are not yet able to predict whether the product will 
be electrophoretically pure. 

There is reason to suspect that component P5 is not present in fresh speci- 
mens of seminal plasma and that it may be formed from P4 during dialysis 
against water and perhaps more slowly during dialysis against phosphate 
buffer. The evidence for this is as follows: Of the four samples of whole 
seminal plasma examined, only one, shown in Pattern A3, contained P5. 
This was a pooled sample which had been dialyzed for 8 days; the others had 
been dialyzed only 2 days. Of the two patterns of acetic acid precipitates, 
Patterns D1 and D2, the former is that of material prepared from the water- 
soluble fraction of dialyzed plasma and contains P5 and P4, while the latter 
is that of material prepared directly from fresh seminal plasma and contains 
only P4. Of the patterns of the precipitate which forms on dialysis of 


seminal plasma against water, to be discussed later, four, Patterns E.1, E2, 
3, and 4, contained a component with the mobility of P5 but no P4. 
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Another, Pattern E5, contained neither. Thus there is a tendency for 
dialysis to give rise to P5. It has already been mentioned that the single 
component in Pattern D3 with a mobility of 6.2; had a mobility of 5.82 be- 
fore its isolation from the water-soluble fraction Pattern G3. These data 
suggest that P5 is a less water-soluble modification of P4. Both are pre- 
cipitated by acetic acid. 

The precipitate obtained with acetic acid becomes stringy after a day’s 
contact with the acid. When washed with fat solvents and dried, it is 
white and fibrous. Some preparations dissolve in water to yield an opales- 
cent solution; others are insoluble in water. Biuret, xanthroproteic, Mil- 
lon, and Molisch tests are positive. Analysis of a sample prepared from 
undialyzed seminal plasma and purified by dissolving in 0.05 m HCl and 
reprecipitating with water followed by washing with alcohol, ether, and 
acetone showed the presence of 9.95 per cent nitrogen (0.4 per cent ash). 
The dilution of the 0.05 m HC] solution with water precipitated only part 
of the material. An additional precipitate was obtained by making the 
remainder slightly alkaline and then adding acetic acid. ‘This precipitate, 
when washed with fat solvents and dried, contained 9.33 per cent nitrogen. 
Another preparation made from a new specimen of undialyzed plasma con- 
tained 9.33 per cent nitrogen. Still another, made from dialyzed, pooled 
plasma by several precipitations with acetic acid (no HCI used), contained 
9.9 per cent nitrogen. There was 0.15 per cent phosphorus in a preparation 
made from pooled plasma and washed with lipid solvents. Another sample 
prepared from dialyzed plasma with acetic acid and HCl yielded 23.3 per 
cent reducing substances (calculated as glucose) on treatment with Nn HCl 
ina sealed tube at 100° for 2 hours. The sample which contained 9.9 per 
cent’ nitrogen yielded 26.8 per cent reducing substances. A preparation 
derived from pooled, dialyzed plasmas contained 10.7 per cent hexosamine® 
and no uronic acid. A second, prepared from a single specimen, contained 
10.9 per cent. It would appear that the material precipitated by acetic 
acid is a mucoid according to the classification of glycoproteins by Meyer 
and Palmer (13). 

Because only small quantities of seminal plasma were available at any 
time, there was not enough acetic acid precipitate to permit chemical analy- 
ses and electrophoretic examination of the same sample. It is reasonable 
to suppose that the low nitrogen figure is more nearly correct than the high 
one; the latter is probably the result of contamination with some P3 as seen 
in some of the patterns. The ratio of hexosamine to reducing substance 
cannot vet be given with certainty. It probably lies between 1 to 2 and 1 
to 3, the values for ovomucoid and seromucoid which it further resembles in 


* We are greatly indebted to Mr. William Saschek and Miss Eleanor Chaffee for 


these determinations. 
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containing no uronic acid. To conform to past usage we shall refer to the 
substance precipitated out of seminal plasma by acetic acid as mucin, 
although, as explained above, it is more properly described as a mucoid, 
When the precipitate which forms on dialysis of fresh seminal plasma 
against water was repeatedly washed, the electrophoretic Patterns E1, E2, 
33, E4, E5, and E6 were obtained. All these patterns contain P2 and, 
except for Patterns El and E2, P3 as well. Patterns E1, E2, E3, and F4 
contain a small peak representing P5. There is a suggestion of such a peak 
in Pattern E6 as well. The mucin apparently clings to the water-insoluble 
P2 and P3 in spite of repeated washing with water. The precipitate con- 
taining these components is almost entirely soluble in very dilute acetic 
acid, the mucin going into solution in the presence of the other proteins, 
When such a solution is brought to pH 4.5 to 5.5, a precipitate forms which, 
when dissolved and reprecipitated, yielded Patterns Fl and F2. P2 has 
been removed in both but some mucin still clings to P3. The pattern of 
another sample of P3 similarly prepared and then precipitated by two- 
thirds saturation of its weakly alkaline solution with ammonium sulfate is 
shown in Pattern F3. A relatively large amount of P5 is present with P3. 
As has been shown, after the water-insoluble sediment resulting from 
dialysis is dissolved in dilute acetic acid and the pH brought to 4.5 to 5.5, 
P3 protein is precipitated. Water-insoluble P2, and possibly a part of the 
water-insoluble P3, still remains in solution. It was felt that this solution 
might yield P3 free of mucin. It was also used to obtain water-insoluble 
P2. Two water-insoluble components were obtained electrophoretically 
pure out of this solution as follows: Sodium hydroxide was added until 
precipitation occurred. This vielded a precipitate the pattern of which is 
shown in Pattern F4 and which contained a single component with a mo- 
bility of 3.82. A second and third sample of seminal plasma, treated the 
same way, vielded at the corresponding stage, when the pH was 7.2, a pro- 
tein with a mobility of 3.6. and 3.9; (Patterns F5 and F6, not illustrated), 
If we assume that P3 has a lesser mobility when by itself than in the pres- 
ence of mucin, this could be water-insoluble P3, part of which has been 
removed previously at the lower pH. It is, however, also possible that we 
have here another component which was not plainly visible in the patterns 
of whole seminal plasma because of the closeness of its mobility to that of 
P3. The difference in pH at which water-insoluble P3 was obtained (4.5 
to 5.5) from the precipitate which forms on dialvsis of seminal plasma 
against water and that at which the component with a mobility of 3.62 was 
obtained (pH 7.2) would make it appear that the latter is different from 
water-insoluble P3. Furthermore, the mobilities obtained for P3 prepared 
at pH 4.5 to 5.5 shown in Patterns F1, F2, and F3, are 4.5s, 4.75, and 4.95 
respectively, while, with one exception, Patterns E3, E4, E5, and E6 
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howed lower mobilities which lie between the mobilities of P3 (obtained at 


pH 4.5 to 5. 5) and of the precipitate obtained at pH 7.2, suggesting that the 
;wo peaks might have fused in these patterns. The whole plasma Pattern 
Al (ascending) shows inflection in the P3 peak at a point which would fit 
the supposition that there is a component with a mobility intermediate 
between those of P2 and P38. The same is true in Patterns A2 (ascending, 
?hours), A3 (descending, 2 hours), and A4 (ascending, 2 hours, not illus- 
trated in Fig. 1). The evidence suggests that the protein precipitated at 
pH 7.2 is not P3. We have nevertheless listed it as P3 in Table I. 

After the removal of the protein just described, more alkali was added. 
An additional precipitate formed, the pattern of which is shown in Pattern 
f7; the mobility is 2.89. This is concluded to be water-insoluble P2. 





Patterns G1, G2, and G3 of the material in solution following removal of 
the precipitate formed on dialysis of seminal plasma against water resemble 
those of whole seminal plasma. The mobilities correspond with those cal- 
culated for the several components in whole plasma. Since there are two 
components with the same mobilities as those of water-insoluble P2 and P3 
and since extended dialysis does not precipitate these, it appears that the 
two water-insoluble proteins have water-soluble analogues. Some of these 
patterns suggest that there is a component with a mobility intermediate 
between those of P2 and P3. The pattern of the material precipitated out 








of the water-soluble fraction by two-thirds saturation with ammonium sul- 
fate is shown in Pattern G5. Only the proteose Pl remained in solution. 

On addition of acetic acid to the water-soluble fraction, mucin is precipi- 
tated and patterns of such precipitates have already been discussed. Two 
patterns of the supernatant of the acetic acid precipitate are shown in 
Patterns G6 and G7. P2 and P83 remain in solution. We have not yet 
attempted to separate water-soluble P2 and P3 as was done for the water- 
insoluble P2 and P3. 

DISCUSSION 

Previous investigators have reported the presence of a trace of albumin. 
Goldblatt (4), however, concludes that there is a considerable amount, be- 
cause he believes that centrifugation removes the mucin from seminal 
plasma and because heating centrifuged, acetic acid-treated specimens 
yields a large amount of coagulum. We have observed the presence of 
mucin in all plasmas even after several hours of centrifugation. The elec- 
trophoretic patterns support the opinion that there cannot be more than 


(0.02 per cent albumin present, for the only components moving with ap- 


proximately the same mobility as albumin are P4 and P5. Both of these 


‘In Pattern G6 the component listed under P3 may be a water-soluble analogue of 
the water-insoluble protein listed in the same column in Patterns F4, F5, and F6. 
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are precipitated by acetic acid, and following their removal the filtrate cop. 
tains little or no material with the mobility of albumin. The apparatus js 
sapable of detecting about 0.02 per cent. 

Fresh specimens of seminal plasma in which cell autolysis has not o¢. 
curred appear to contain only minute quantities of nucleoprotein. The 
presence of 0.15 per cent phosphorus in one of the acetic acid precipitates 
could be due to the presence of a small amount of nucleoprotein in this ma. 
terial. However, mucins are known to adsorb and hold inorganic salts 
strongly, and, since phosphates are present in seminal plasma in relatively 
high concentration, some of the phosphorus found might have come from 
this source. In 4.5 ce. of a certain sample of seminal plasma 0.01 mg. of 
organic phosphorus was found. In this specimen there could have been, 
therefore, 0.04 per cent nucleoprotein with 0.5 per cent phosphorus content, 

The mobilities of P2 and P3 components are similar to those of 8- and a- 
globulin of blood serum. Preliminary serological tests indicate that water. 
insoluble P3 is probably not identical with any of the blood serum proteins, 
Water-insoluble P2 has not been studied sufficiently to give its serological 
relationship to the blood proteins. On the other hand, the water-soluble 
material shown in Pattern G6 yielded a heavy precipitate with serum of 
rabbits immunized with human serum. This precipitate is considerably 
larger than the corresponding one obtained with anti-human seminal plasma 
serum. Further work is being done with the serological reactions of the 
seminal proteins. 

Whereas fresh specimens of seminal plasma, when dialyzed against water, 
always yield a relatively considerable precipitate consisting largely of com- 
ponents P2 and P3, older specimens yield less, and specimens allowed to 
stand at room temperature for 5 days yield little or no precipitate. The 
cause of this change has not yet been investigated. It may be related to, 
or perhaps be a continuation of, the liquefaction process which sets in much 
more promptly. 


SUMMARY 


The proteins of human seminal plasma have been examined electro- 
phoretically and some of them chemically as well. Non-heat-coagulable 
protein (proteose), referred to as component P1, was found to pass through 
viscose membranes (average pore diameter 25 A.). Of the protein which 
passed out of the bag, the fraction precipitable by full saturation with ammo- 
nium sulfate, but not by one-half saturation, had a mobility of —0.9_. em2 
volt™! see.-' < 10-5 in phosphate buffer of pH 7.85 and ionie strength 
0.1 when measured in the descending limb of the cell. There appears to be 


more than one molecular species present in this fraction, as judged by the 
electrophoretic pattern. 
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A glycoprotein, component P4, has been chemically separated in an elee- 
trophoretically homogeneous state, though irregularly. It has a mobility 
of —5.65, contains 9.3 per cent nitrogen, and yields 26.8 per cent reducing 
substances (as glucose) following treatment with nHClat 100°. It contains 
10.8 per cent hexosamine and no uronic acid. 

Two water-insoluble proteins, P2 and P3, have been prepared, the for- 
mer electrophoretically pure. They have two water-soluble analogues. 
Their mobilities are — 2.8, and — 4.59 respectively (averages of water-insol- 
uble and water-soluble values in whole seminal plasma and in fractions of 
it). A water-insoluble component with a mobility of —3.8) has been sep- 
arated in an electrophoretically homogeneous state. It is not yet clear 
whether this is identical with P3, possessing a lower mobility because it 
is free of any other seminal protein, or whether it is a discrete protein. 
The latter seems more likely. 

The electrophoretic evidence indicates that there is probably less than 
0.02 per cent albumin present in seminal plasma. 

Chemical evidence indicates that there is probably less than 0.04 per cent 


nucleoprotein present. 
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NICOTINIC ACID DEFICIENCY STUDIES IN DOGS* 
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(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, May 27, 1942) 


The importance of nicotinic acid in the nutrition of the dog was demon- 
strated through the use of a modified Goldberger diet (1). Since that time 
studies on other members of the B complex in the nutrition of the dog have 
been carried out by using a purified casein-sucrose ration supplemented 
with synthetic vitamins. Dogs may be maintained with good growth over 
rather long periods of time when this ration is supplemented with thiamine, 
riboflavin, nicotinic acid, pyridoxine, pantothenic acid, and choline (2). 
In this paper we wish to describe the results obtained when nicotinic acid is 
omitted from this ration and give data for the nicotinic acid requirement of 
dogs, as well as assays on a few food materials. West (3) demonstrated 
that sulfapyridine inhibits the curative action of nicotinic acid in dogs on a 
Goldberger diet. Results will be presented to show that similar effects are 
obtained when the purified synthetic ration is used. 


EXPERIMENTAL 


Weanling mongrel puppies and older growing dogs were used in these 
studies. The basal ration has been described previously (4) and consists of 
sucrose 66 per cent, acid-washed casein 19 per cent, cottonseed oil 8 per 
cent, cod liver oil 3 per cent, and salt mixture 4 per cent. This ration was 
fed ad libitum and each dog received in addition 100 y per kilo of body 
weight per day of thiamine and riboflavin, 60 y of pyridoxine hydrochloride, 
500 y of calcium pantothenate, and 50 mg. of choline chloride. The re- 
quired amount of each of the vitamins was given in aqueous solutions twice 
weekly. 

Supplements of nicotinic acid or materials to be assayed were not given 
until the dogs showed significant loss of weight and the typical early symp- 
toms of blacktongue. The dogs usually refused food for at least 2 days be- 
fore therapy was administered, but in order to reduce the loss of dogs, the 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. ‘This work was supported in part by grants from the Wisconsin 
\lumni Research Foundation. We are indebted to the Works Progress Administra- 
tion for assistance in the care of the animals and to Merck and Company, Rahway, 
New Jersey, for generous supplies of thiamine, riboflavin, nicotinic acid, pyridoxine, 
pantothenic aeid, and choline 
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animals were treated before severe symptoms developed. The extent of 
the growth response and the time required for symptoms to reappear after 
administering known quantities were very consistent in each individual dog. 
Three orfourstandard doses of nicotinic acid were used tostandardize each dog 
and the gain ingm. of body weight per mg. of nicotinic acid administered was 
-alculated in each case. Each dog was used for numerous assays and in one 
ease eighteen assays were completed. The daily requirement per kilo of 
body weight was determined by using the average body weight during the 
assay period. 

A typical example of the results obtained with a single animal is shown in 
Fig. 1. Dog 189 placed on the nicotinic acid-free ration as a weanling 
puppy exhibited deficiency symptoms characterized by drastic loss in 
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Fic. 1. Growth response of Dog 189 to various levels of nicotinic acid and other 
supplements. The figures indicate the level of nicotinic acid administered. A, 52 
mg. of 2-aminonicotinie acid; B, wheat assay, 500 gm.; C, milk started, 2100 ee.; D, 
milk started, 5600 ec.; E, milk started, 4000 ee. 


weight, inflammation of the gums, and palatine redness in 14 days. Nico- 
tinie acid at 25 and 40 mg. levels was then administered in order to obtain 
standard responses. From these trials it was calculated that 1 mg. of 
nicotinic acid produced 34 gm. of gain in body weight in this dog. It may 
be noted that 2-aminonicotinic acid was given after the first dose of nico- 
tinic acid and no response whatsoever was observed. After standardiza- 
tion this dog was used for determining the nicotinic acid content of wheat 
and milk. When the dog was declining in weight after the second 40 mg. 
dose of nicotinic acid, 500 gm. of ground whole wheat were fed as a paste 


over a 4 day period. The loss of weight was retarded but no growth re- 
sponse was obtained. 20 mg. of nicotinic acid were administered on the 
5th day. The response observed was greater than could be expected from 
the amount of added nicotinic acid and the excess response was equivalent 
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to about 27 mg. of nicotinic acid. Thus 500 gm. of the wheat contributed 
97 mg. or contained 5.4 mg. per 100 gm. This sample of wheat was found 
to contain 5.5 mg. per 100 gm. by the micro biological method of Snell and 
Wright (5) with alkaline extraction. 

This dog was used in four attempts to determine the nicotinic acid con- 
tent of milk. The results varied greatly, for whenever a fairly severe de- 
ficiency was allowed to develop, the administration of milk would fail to 
bring the dog back on food or prevent the severe weight loss. In these cases 
it was finally necessary to administer nicotinic acid. If we calculate the 
nicotinic acid content from the degree of response at points C, D, and E 
on the curve, we obtain values of 9.5, 2.6, and 9.5 mg. per liter of milk. The 
lower values correspond in general with the more severe weight loss before 
administration of the milk. When other dogs were used, values averaging 
4 mg. per liter of milk were obtained. 

We felt that these variable results could be related to the effect of milk 
solids on the synthesis of nicotinic acid by the bacterial flora of the in- 
testinal tract. A 24 hour urine sample was collected from Dog 189 a day 
before the 4 liters of milk were given at point / on the graph and the nico- 
tinie acid content as determined by the micro biological method of Snell and 
Wright (5) was 0.2 mg. The urine sample collected from the dog after the 
milk was given contained 1.1 mg. Thus there was a significant increase in 
nicotinie acid excretion especially if we consider the fact that Sarett (6) has 
shown that the trigonelline excretion exceeds that of nicotinic acid. This 
fact may have little effect under these conditions, since Sarett (6) has also 
shown that it usually takes several days for the trigonelline excretion to 
increase after administration of nicotinic acid. According to bacterial as- 
say the 4 liters of milk contained 3.2 mg. Since almost one-third of this 
amount appeared in the urine after 1 day and the dog showed considerable 
growth, synthesis of nicotinic acid must have taken place either in the 
tract or in the body tissues. 

In order to determine whether the lactose in the milk had any effect on 
the synthesis, a weanling puppy was placed on the basal ration in which the 
sucrose was replaced by lactose. Deficiency symptoms appeared in 14 
days. After two deficiency and treatment periods the lactose was replaced 
by sucrose and periodic deficiencies were produced. A litter mate placed on 
the sucrose diet developed the typical symptoms in 18 days. Two re- 
sponses with 12 and 14 mg. of nicotinic acid were obtained and then the su- 
crose was replaced by lactose. With lactose in the ration severe defi- 
ciency states have been produced with subsequent responses to dosages of 
nicotinie acid varying from 17 to 52 mg. A study of these responses indi- 
cates that the requirement per kilo of body weight was slightly higher on the 
lactose ration than on the sucrose ration. Thus the effect of the milk must 
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be related to specific precursors of nicotinie acid or to the protein content 
of the milk. 

A careful survey of the records of all the dogs used during the past 2 years 
shows that rather accurate values can be calculated for the nicotinic acid re- 
quirement of seven of the dogs. Values for four adult dogs and three grow- 
ing dogs are given in Table I. 


TABLE I 
Nicotinic Acid Requirement of Dogs 


| 
_ ' a Micrograms per kilo 
Dog No. Litter Age body weight per day 


156 A Adult 220 
175 B "= 225 
205 G s 210 
216 D “ 200 
189 A Cirowing 365 
222 bk te 350 
223 Bi - 250 


ridine Addition 





Fic. 2. Growth of nicotinie acid-deficient dogs receiving sulfapyridine. A, 40 
mg. of nicotinie acid; B, 63 mg. of nicotinamide; C, dried whole liver = 150 gm. of 
fresh liver; D, 150 gm. of fresh liver; EF, 113 mg. of nicotinic acid; F, 20 gm. of 1:20 
liver extract powder; G, 115 gm. of fresh liver; H, 45 mg. of nicotinie acid. The fig- 
ures on the curves represent the dog numbers. 


Sulfapyridine Inhibition—When dogs showed definite nicotinic acid de- 
ficiency symptoms, sodium sulfapyridine monohydrate was administered 
orally in water solution at 8.00 a.m., 4.00 p.m., and 12.00 p.m., in doses suffi- 
cient to maintain a blood level of 5 to 10 mg. per 100 ec.; 2.5 gm. at each 
feeding were usually sufficient. Nicotinic acid and various liver supple- 
ments were given 24 to 36 hours after the sulfapyridine therapy was 
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started. A few of the results are shown in Fig. 2. After saturation with 
sulffapyridine, the addition of nicotinic acid, nicotinamide, dried whole 
liver, or liver extract 1:20 produced rather rapid alleviation of inflamma- 
tion of the gums, palatine redness, and excessive saliva production, but the 
weight loss and the anorexia usually continued. Dog 205 gained 3.2 kilos 
in body weight when 40 mg. of nicotinic acid were given before saturation 
of the dog with sulfapyridine. After sulfapyridine feeding 63 mg. of nico- 
tinamide failed to produce an increase in weight, dried liver gave a slight 
increase of 350 gm. in 3 days, but the feeding of an equivalent amount of 
fresh liver produced an increase of 1.1 kilos in 2 days and a total weight in- 
erease Of 3.4 kilos in 17 days. Dog 175 when fed 45 mg. of nicotinic acid in 
the presence of the drug grew very slowly and finally gained 700 gm. The 
same dog showed a response of 1400 gm. when given 40 mg. of nicotinic acid 
under standard conditions. Dog 187 continued to lose weight after the ad- 
ministration of 113 mg. of nicotinic acid in addition to the drug. When 20 
gm. of liver extract were fed, an additional loss of 250 gm. in body weight 
resulted. A growth response of 2.4 kilos was obtained when 115 gm. of 
fresh liver were fed. After another depletion dried liver failed to produce a 
weight gain, but fresh liver restored the dog’s appetite and produced a gain 
of 1.2 kilos in body weight. 

Sulfanilamide was used in place of sulfapyridine in Dog 216. Without 
sulfanilamide 48 mg. of nicotinic acid produced a response of 2.3 kilos, and a 
time interval of 30 days elapsed before symptoms reappeared. With sul- 
fanilamide 50 mg. of nicotinic acid produced a response of 1.5 kilos and the 
symptoms reappeared in 10 days. Administration of whole fresh liver in 
the presence of sulfanilamide allowed an immediate growth response of 
1.7 kilos. 

DISCUSSION 

Typical blacktongue symptoms such as drastic loss in weight, anorexia, 
inflammation of the gums, and palatine redness have been produced in dogs 
by feeding a synthetic diet containing all the available B vitamins except 
nicotinic acid. In weanling growing puppies, these symptoms appeared in 
14 to 18 days. Adult dogs that had received the synthetic ration supple- 
mented with various liver fractions before being shifted to the basal ration 
did not develop the deficiency until a period of 30 to 45 days had elapsed. 
Two dogs that had received commercial canned dog food for 8 months be- 
fore being placed on the synthetic basal ration exhibited symptoms in 44 
and 72 days respectively. 

This basal ration appears to be more reliable than the modified Gold- 
berger ration for nicotinic acid assays. Individual dogs can be standard- 
ized to definite quantities of nicotinic acid and as many as eighteen assays 
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may be obtained with one dog. Difficulties encountered in assaying foods 
such as milk are pointed out. 

The nicotinic acid requirement for adult dogs ranges from 200 to 225 
y per kilo of body weight. The requirement for the growing dog is 50 to 
75 per cent higher, as one would expect. The values for the adult dogs may 
be of some use in calculating the minimum requirement for humans. Our 
adult dogs weighed about 10 kilos and if we assume the nicotinic acid re- 
quirement to follow the energy requirement at different body weights the 
requirement for a 10 kilo dog would be 49/75 of 225 y or 147 y if we use the 
energy values taken from the table of Brody, Proctor, and Ashworth (7), 
Thus the minimum requirement for a 70 kilo man would be approximately 
10 mg. per day. 

The interesting observation of West that sulfapyridine inhibits the eura- 
tive action of nicotinic acid in dogs, and that fresh liver counteracts this 
inhibition, has been verified; however, it is improbable that the fresh liver 
functions by supplying cozymase. It is, of course, possible that sulfa- 
pyridine acts independently of the nicotinic acid-cozvmase mechanism and 
that sulfapyridine would inhibit growth responses in other deficiencies, 
However, we have no evidence for this possibility. It is more likely that 
sulfapyridine either prevents the formation of cozymase or prevents its 
utilization after its formation from the added nicotinic acid. Similar 
studies (Elvehjem, Teply, and Axelrod, unpublished) with Lactobacillus 
arabinosus indicate that sulfapyridine inhibits the utilization of the cozy- 
mase. The fresh liver therefore may supply a labile protein which has 
sufficient affinity for the sulfapyvridine to prevent its action in inhibiting the 
cozymase-linked reactions. 

SUMMARY 

1. An uncomplicated nicotinic acid deficiency may be produced on our 
highly purified casein-sucrose ration supplemented with thiamine, ribo- 
flavin, pyridoxine, pantothenic acid, and choline. 

2. This ration seems suitable for the assay of food materials for their 
nicotinic acid content. 

3. The requirement of nicotinic acid, as calculated by single dose feed- 
ings, for adult dogs ranges from 200 to 225 y per kilo of body weight per 
day and for young growing puppies ranges from 250 to 365 y. 

1. Sulfapyridine feeding inhibits the response of the nicotinic acid- 
deficient dog to nicotinic acid, nicotinamide, dried liver, and liver extract 
powder. This inhibition is overcome by fresh liver. 
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THE ISOELECTRIC POINTS OF THREONINE AND SOME 
RELATED COMPOUNDS 
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(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, June 8, 1942) 


In connection with attempts in this laboratory to increase the yields of 
threonine in isolations from various proteins, it recently became essential 
to determine its isoelectric point. During the time since the isolation and 
identification of threonine by Rose and coworkers (1) and its subsequent 
synthesis by West and Carter (2), the isoelectric point of the pure com- 
pound has not been reported. Employing an electrometric method similar 
to that described by Hitchcock (3) in recalculating Sérensen’s data (4) for 
glycine, we have carried out determinations of the apparent dissociation 
constants and of the isoelectric points of /-threonine, dl-allothreonine, 
dl-O-methylthreonine, dl-O-methylallothreonine, and dl-a-amino-n-butyrie 
acid. The last named compound has been studied by other workers and 
serves as a reference substance. 

The introduction of a “negative” hydroxyl group in a-amino-n-butyric 
acid should increase the degree of dissociation of either or both acid groups. 
The data to be reported in this paper indicate that the dissociation of the 
adjacent substituted ammonium group in the resulting a-amino-8-hydroxy- 
n-butyrie acid molecule is most affected. (See Table II.) Further evi- 
dence in support of these results may be noted by comparing the dis- 
sociation constants of alanine (5) with those of serine (6) and by a similar 
comparison in the case of lysine and hydroxylysine (7). Czarnetsky and 
Schmidt (8) reported data for a compound postulated to be a hydroxy- 
aminobutyric acid which they isolated from casein by the procedure of 
Schryver and Buston (9). The identity of their preparation with a pure 
a-amino-6-hydroxy-n-butyrie acid is unlikely, however, since the shifts in 
dissociation constants noted when their compound is compared with 
a-amino-n-butyric acid are in the opposite direction to that cited above. 


EXPERIMENTAL 


The procedure employed in these experiments was that outlined by 
Hitchcock (3) with several modifications. We have used the following 
values for activity coefficients and for the ionie product of water: yq+ = 
0.84 (7); yon- = 0.81 (7); pl’, at 25° = 13.895 (10). In all experiments 
the ionic strength fell within the limits 0.100 + 0.002. 
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The pH values were obtained at 25° with a Beckman pH meter equipped 
with traveling electrodes (glass electrode and saturated calomel half cell), 
The instrument was carefully standardized before and during each set of 
measurements by use of a standard acetate buffer, pH 4.62 (10), such 
that 0.0950 m HCl gave a pH reading of 1.08. It is estimated that the 
pH values could be read within the limits +0.015 pH unit (equivalent to 


TaBLe | 
Apparent Dissociation Constants of |-Threonine-NaCl Solutions at 25° (uw = 0.1) 


HC] titration 





A, HCl C, threonine A= fH) Log 
0.0950 m HCl | concentra- concentra- pH —Log {H*) C C «i pK’ 
tion tion fraction as | \ 4 — [H*) 
cation 
mi. mM per l. mM per |. . 
10.00 95.00 1.08 
5.02 17.60 19 9] 1.88 1.805 0.640 —(). 250 2.13 
3.37 38.24 | 59.74 2.16 2.085 0.503 —0.005 2.17 
2.14 28.47 | 70.03 2.45 2.375 0.346 +(0).277 2.17 
1.25 18.99 80.00 2.75 2.675 0.211 +0.573 2.18 
0. 56s 9.63 SO _S4 3.16 3.085 0.098 +0). 964 2.20 
(0). 28; 5.05 04.70 3.47 3.395 0.049 +1. 288 2.18 
Average 2.17 
NaOH titration 
0.0003 uw |—SCBs NaOH | C, threonine dood _—_¥ Log 
. " - » | < ( a 
NaOH concentra concentra pH Log [OH] ae Cpe 1 pK’: 
tion tion TaCsice as B—(|OH 
anion r 
mi. mm per |. mM perl. 
0.34 6.32 93.65 7.82 5.983 0.068 +1.137 8.96 
0.60 10.64 89.29 §.12 5.683 0.119 +0). S869 8.99 
1.23; 19.64 SO. 22 8.52 5.283 0.245 +0.489 9.01 
2.14 29.76 70.04 SSO 4.913 0.425 +0131 9.02 
3.32 39.62 60.10 9.29 4.513 0.659 —(). 286 9.00 
Average 9.00 


+0.001 volt). Carefully calibrated volumetric equipment was _ used 
throughout. 

In Table I the complete data for one experiment with /-threonine are 
presented. The rather close agreement of the pK’ values calculated from 
individual experimental points seems to justify the procedure used. The 
experimental deviations encountered in the threonine data are typical of 
those observed with the related compounds. For each experimental point, 
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5 ml. of a solution prepared by dissolving sufficient amounts of the pure 
compound and NaCl in conductivity water to make the resulting solution 
exactly 0.1 M with respect to each component was used. (Molalities have 
been used only in estimating the range of ionic st.ength encountered in 
these experiments. They were calculated from molarities by assuming 
unit density for each solution.) 

In Table Il a summary of the data obtained and of some other per- 
tinent data is given. The dissociation exponents for the threonine group 
of compounds exhibit only slight changes as a result of structural or space 
modifications. It can be seen that the pK’; values decrease systematically 
from top to bottom within the group, while the pK’, values show a sig- 











Tape II 
Summary of Dissociation Exponents and Isoelectric Points 
Compound pK’; | pK’ | pl’ Remarks 
l-Threonine........ ie Ff 9.00 5.59 
dl-Allothreonine 2.11 9.01 5.56 | Apl’ = —0.03 
dl-O-Methylthreonine 2.02 | 9.00 | 5.51 
dl-O-Methylallothreonine 1.92 8.90 | 5.41 | ApI’ = —0.10 
dl-a-Amino-n-butyrie acid 2.27 9.68 | 5.98 | aAmino-n-butyric acid vs. 
| threonine. ApK’; = 
0.68 
dl-Alanine (5) | 2.34 | 9.87 6.1 t = 25° 
dl-Serine (6) | 2.21 | 9.15 5.7 ApK’, = 0.72 
| pKa | 
L-Lysine (7) 2.20 | 8.90 | 10.28 | ¢ = 38° 
|-Hydroxylysine (7) .| 2.13 8.62 9.67 | ApK’; = 0.61 


The figures in parentheses represent bibliographic references. 


nificant deviation only in the case of dl-O-methylallothreonine. This 
latter figure was checked in order to make sure that the correct value had 
been obtained. Hence it can be seen that allothreonine exhibits a very 


slightly more acid isoelectric point than does threonine (ApI’ = —0.03), 
while the O-methyl derivatives show a somewhat greater difference in the 
same direction (ApI’ = —0.10). 


The constants for dl-a-amino-n-butyrie acid agree reasonably well with 
those of Smith, Taylor, and Smith (11), when the fact that their values 
are true thermodynamic constants at infinite dilution is taken into account. 
It can be noted that the principal effect of substitution of a hydroxyl group 
in a-amino-n-butyrie acid is to increase the dissociation of the adjacent 
substituted ammonium part of the molecule; thus in the case of a-amino-n- 
butyric acid versus threonine, ApK’, = 0.68. Similarly in the case of 
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alanine versus serine, ApK’, = 0.72, while in the case of lysine versus hy- 
droxylysine, ApK’; = 0.61. 

The analyses of the five compounds under investigation are reported 
below. Van Slyke amino nitrogen determinations were carried out with 
a 2 per cent KI-glacial acetic acid solution (12), since threonine gives high 
values in the usual Van Slyke procedure. dl-Allothreonine could not be 
analyzed even by this modified method; macro-Kjeldahl analyses are re- 
ported for it. The a-amino-n-butyrie acid (Eastman product) was ana- 
lyzed by the unmodified Van Slyke procedure. 


Compound calculated found 
l-Threonine 11.76 11.70 
dl-Allothreonine 11.76 11.82 
dl-O-Methylthreonine 10.53 10.68 
dl-O-Methylallothreonine 10.53 10.62 
dl-a-Amino-n-butyric acid 13.59 13.49 


The authors desire to express their thanks to Professor W. C. Rose for 
the natural /-threonine and to Professor H. E. Carter for the synthetic 
related compounds used in this investigation. 


SUMMARY 


The apparent dissociation constants and the isoelectric points of /-thre- 
onine, dl-allothreonine, dl-O-methylthreonine, dl-O-methylallothreonine, 
and dl-a-amino-n-butyric acid have been determined by electrometric 
titration at 25° and ionic strength 0.1. 
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THE SYNTHESIS OF PLASTEINS BY THE ACTION OF 
TRYPSIN AND PAPAIN ON DIGESTS OF INSULIN 


By JAMES N. HADDOCK anv LLOYD E. THOMAS 


(From the Department of Biochemistry, University of Missouri, Columbia) 
(Received for publication, June 1, 1942) 


Fisher and Scott (1) were able to obtain a plastein by the action of 
pepsin on a concentrated peptic digest of insulin, This product was 
physiologically inert, and could not be crystallized. They suggested that 
trypsin, because of its presence in the pancreas, might yield more inter- 
esting results. This suggestion has been applied to the experiments 
reported here. It was necessary to use a peptic digest of insulin as a 
substrate for trypsin, since no one has yet been able to obtain a plastein 
from a tryptic digest. 

We have also synthesized plasteins by the use of unactivated papain. 
The similarity of this enzyme to the intracellular proteinases seemed to 
offer a better opportunity for the production of a physiologically active 
plastein than the use of pepsin or trypsin. A papain digest of insulin 
and, in one trial, a pepsin digest of insulin were used as substrates for 
papain in the synthesis of the plasteins. No activator was used with 
the papain because of the danger of destruction of blood sugar lowering 
activity. 


EXPERIMENTAL 


The procedure used for the hydrolysis of the protein and subsequent 
synthesis of the plastein was adapted from the method described by 
Fisher and Scott (1) for peptic hydrolysis and synthesis. These authors 
started with small quantities of protein. This procedure was modified 
in the case of tryptic synthesis to fulfil the optimum conditions described 
by Wasteneys and Borsook (2), and in the case of papain hydrolysis and 
synthesis to fulfil the optimum conditions reported by Collier (3). 

When peptic digests were used, no attempt was made to remove the 
undigested protein before concentration and synthesis were begun, since 
it was present only in negligible quantities. In the case of papain digests, 
however, much undigested protein remained. Since this would interfere 
with the biological assay and the synthesis of plastein, we decided to re- 
move this fraction before proceeding with the synthesis. This was done 
by heat coagulation. Du Vigneaud et al. (4) have shown that insulin 
dissolved in a 0.01 N HCl solution containing NaCl is completely pre- 
cipitated by heating for 5 to 10 minutes. We found that insulin was 
precipitated by heating as follows: 10 mg. of insulin were placed in 10 cc. 
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of solution, the pH adjusted to 5.0, enough NaCl added to make a 0.17 y 
solution, and the solution heated in a boiling water bath for 1 hour, It 
was found in two trials that 94.7 and 97.3 per cent of the protein was 
precipitated. 

A leveling bulb (without a side tube) which had been sealed off at the 
bottom was used to concentrate the solution. Graduations of 0.25, 0.5, 
and 1.0 ec. were marked on the tip. The concentration of the material 
was carried out with a pressure of 40 to 50 mm. of Hg, produced by means 
of a water-pump, and a temperature of 45-55°. Caprylic alcohol was 
added to prevent foaming. 

The pH adjustments were made with 0.1 N HCI and 0.1 n NaOH; the 
pH determinations were made colorimetrically. Chloroform was used 
as a preservative in all experiments. 

Nitrogen determinations were made by means of a modification of 
Pregl’s micro-Kjeldahl method (5). Duplicates checked within 3 per 
cent. For the non-protein nitrogen determinations 10 per cent trichloro- 
acetic acid was added to the samples to a concentration of 3.3 per cent, 
which has been shown by Charles and Scott (6) to be necessary for com- 
plete precipitation of insulin. The samples were allowed to stand at 
room temperature for 1 hour and then centrifuged. In all calculations 
the nitrogen of the enzymes is considered to be in the non-protein nitrogen 
fraction, since 3.3 per cent trichloroacetic acid does not precipitate them. 

It was found inaccurate in these experiments to calculate directly the 
per cent of plastein synthesized. This was because of the small amount 
of material used and the loss during the process due to clinging of the 
material to the walls of the container. This material dried on the walls 
and could not be recovered. The following procedure was therefore 
used. 

In those experiments in which the original protein was not precipitated 
after hydrolysis the ratio of non-protein to total nitrogen was determined 
after hydrolysis, this, when multiplied by 100, giving the per cent hy- 
drolysis. After synthesis the total and non-protein nitrogen was again 
determined. The total nitrogen value was then expressed in terms of that 
which had existed as non-protein nitrogen before synthesis was begun. 
To obtain this corrected value it was assumed that the protein and the 
hydrolysis products were lost during synthesis in equal proportions, as 
found by Fisher and Scott (1). Thus, the total nitrogen after synthesis, 
when multiplied by that fraction of the total nitrogen before synthesis 
which was non-protein, gives the corrected value. In order to obtain the 
amount of plastein nitrogen present, the non-protein nitrogen after syn- 
thesis was subtracted from the total nitrogen after synthesis (corrected). 
The per cent synthesis was calculated as the ratio of plastein nitrogen 
to the total nitrogen after synthesis (corrected) multiplied by 100. 
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In those experiments in which the original protein was removed before 
synthesis by precipitation, the same method was used, except that it was 
not necessary to correct the value for total nitrogen after synthesis. 

The effect on the blood sugar level of rabbits which had been fasted for 
18 hours was used to test the physiological activity of the solutions. Two 
rabbits were used for each solution to be tested. The rabbits weighed 
between 2100 and 2900 gm. After a preliminary blood sample was 
withdrawn from an ear vein, an appropriate amount of the material was 
injected subcutaneously. Blood samples were then taken 13, 3, and 5 
hours after the injection. In some cases samples were taken only 1} 
and 4 hours after injection. The reducing sugar was determined by the 
method of Shaffer, Hartmann, and Somogyi (7, 8). 

When trypsin was present, a part of the solution was treated in a manner 
described by Scott (9) as capable of dissociating any physiologically inactive 
insulin-trypsin complex present. This consisted of adding 10 ce. of a 
saturated alcoholic solution of benzoic acid and 5 ec. of 0.1 N HCI to 10 ce. 
of the plastein solution and letting it stand for 15 minutes. The alcohol 
was then nearly all driven off in a water bath, and the benzoic acid removed 
with ether. The solution thus obtained, after neutralization, was used 
for injection. 

The following products were used in this work: Lilly’s zine insulin 
erystals; Difeo 1:10,000 pepsin; Difeo 1:100 trypsin; and Eimer and 
Amend’s Mexican papain (1:200). 

Synthesis from Peptic Digests with Trypsin—Two experiments were 
earried out. In each experiment 100 mg. of insulin were dissolved in 
0.01 n HCl, and 25 mg. of pepsin added. The pH was adjusted to 1.9, 
and the solution, with a final volume of 52 ecc., was incubated at 37° for 
24 hours. Samples were then taken for nitrogen determinations and for 
biological tests. Two rabbits were used in each experiment, 2 ec. of 
digest being injected into each. The activity had been completely de- 
stroyed. The remaining 36 cc. were then adjusted to pH 5.7 and con- 
centrated to 0.5 ec., after which 0.25 ec. of a solution containing 25 mg. of 
trypsin was added. The solution was then incubated at 37° for 4 days 
in Experiment I and 7 days in Experiment II. Distilled water was then 
added to a volume of 50 ec., and nitrogen determinations and biological 
tests performed. Four rabbits were used in each experiment, 2 ec. of 
untreated digest being injected into each of two animals, and 2 cc. of digest 
treated with benzoic acid, aleohol, and HCl into each of the other two. 

Synthesis from Papain Digests with Papain—Three experiments were 
carried out. In Experiment III, 60 mg. of insulin were used, while in 
Experiments IV and V, 80 mg. were used. In each experiment the insulin 
was placed in solution with 25 mg. of papain, and the pH adjusted to 4.7. 
The solution, with a total volume of 30 cc., was incubated for 3 days at 
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50°. The pH was then adjusted to 5.0, NaCl added to a molarity of 0.17, 
and the digests heated in a boiling water bath for 1 hour. The coagulated 
protein was removed by filtration, and the filtrate concentrated to 0.5 ¢¢. 
25 mg. of papain in | ce. of solution were added, and the solution again 
concentrated to 0.5 ce. The solution was incubated at 50° for 5 weeks in 
Experiment III, 3 weeks in Experiment IV, and 2 weeks in Experiment Y, 
The solution was then diluted to 25 ec., and nitrogen distribution and 
physiological activity determined. Two rabbits were used in each experi- 
ment, 5 ec. of the solution being injected into each animal. 

Synthesis from Peptic Digest with Papain—One experiment was performed 
in which insulin was digested with pepsin and the products synthesized 
with papain. 60 mg. of insulin and 5 mg. of pepsin were dissolved in 0.01 
N HCl, and the pH adjusted to 2.0. The solution, with a final volume of 


TABLE I 


Synthesis of Plastein from Digests of Insulin 


After hydrolysis After synthesis | 
"le Ss = . . 
Experi nae P< : none ‘" | Synthesis 
ment No. Total N Non ysis Total N Total N Non ‘ i 
tak: protein N _? corrected) protein N 





me ; per cent me. me me. me. per cent 

I 15.26 14.86 97.4 5.54 5.40 4.52 0.88 | 16.3 
II 14.47 14.27 98.6 5.78 5.70 $.63 1.07 | 18.8 
III 2.88 1.37 1.51 52.4 
IV 1.11 0.84 0.27 24.3 
V 2.47 1.84 0.63 23.8 
VI 7.85 7.82 99.6 3.55 3.54 3.02 0.52 14.7 


26 cc., was incubated at 37° for 3 days. Nitrogen distribution and physio- 
logical activity were then determined. Two rabbits were used, 2 cc. of the 
digest being injected into each. No activity was observed. The remain- 
ing 18 cc. were heated in a boiling water bath for 1 hour to inactivate the 
pepsin, the pH adjusted to 4.9, and the solution concentrated to 0.5 ce. 
| ee. of a solution containing 25 mg. of papain was added, and the mixture 
concentrated to 0.4 cc. The solution was then incubated for 2 weeks at 
50°, after which it was diluted to 20 cc. Nitrogen distribution and physio- 
logical activity were determined. 5 cc. of the solution were injected into 
“ach of two rabbits. 


Results 


Table I shows the results of these experiments. In Experiments I and 
II, in which trypsin was allowed to act on a concentrated solution of a 
peptic hydrolysate of insulin, synthesis to the extent of 16.3 and 18.8 per cent 
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When injected into rabbits, neither the untreated plastein nor 


oecurred. 
that which was treated with benzoic acid, alcohol, and HCl to dissociate 


any inactive complex present caused a significant decrease in blood sugar. 
The plastein injected contained 0.03 mg. of nitrogen in Experiment I and 
0.04 mg. in Experiment II. This would correspond to 0.2 and 0.26 mg. of 
erystalline insulin, respectively, which in turn would contain 4.4 and 5.5 


international units of insulin activity. 

In Experiments IIT, IV, and V, in which papain digests of insulin were 
acted upon by papain, 52.4, 24.3, and 23.8 per cent synthesis was obtained. 
In Experiment ITI, 0.3 mg. of plastein nitrogen was injected, in Experiment 
IV, 0.06 mg., and in Experiment V, 0.10 mg. These correspond to 1.98 
mg. (43 units), 0.4 mg. (8 units), and 1.25 mg. (28 units) of crystalline in- 
sulin, respectively. No significant decrease in blood sugar occurred in any 
of these experiments. 

In Experiment VI, in which a peptic digest was acted on by papain, 14.7 
per cent synthesis occurred. The amount of plastein nitrogen injected was 
0.16 mg., which corresponds to 1.0 mg. of crystalline insulin, and an activity 
of 22 international units. This material exerted no hypoglycemic action. 


SUMMARY 

1. A plastein, insoluble in 3.3 per cent trichloroacetic acid, was formed 
by the action of trypsin on a concentrated solution of the products of peptic 
digestion of insulin. 

2. A similar substance was formed by the action of papain on a concen- 
trated solution of the protein-free products of papain digestion of insulin. 

3. Another plastein was obtained by allowing papain to act on a concen- 
trated solution of the products of peptic digestion of insulin. 

4. None of these plasteins was capable of lowering the blood sugar of 
rabbits when injected subcutaneously. 


We wish to express our thanks to Mr. H.W. Rhodehamel of Eli Lilly and 


Company, who supplied the insulin. 
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THE DEVELOPMENT OF CYTOCHROME OXIDASE IN THE 
CHICK EMBRYO* 


By H. G. ALBAUM anp L. G. WORLEY 
(From the Department of Biology, Brooklyn College, Brooklyn) 


(Received for publication, May 29, 1942) 


Studies on the development of enzyme systems with time in animal 
embryos are relatively rare. Especially is this true of the chick embryo, 
of which the only complete study of enzyme development appears in the 
work of Levy and Palmer (1) on dipeptidase accumulation. According 
to these authors, dipeptidase activity in the chick increases with time and 
this increase is correlated with the accumulation of total nitrogen which 
presumably comes from the yolk. The same kind of correlation between 
nitrogen increase and enzyme activity has been demonstrated in oat 
seedlings for catalase and dehydrogenase activity by Albaum, Donnelly, 
and Korkes (2). 

In the chick, cytochrome c does not appear until about the 4th day, 
according to Yaoi (3), and Potter and DuBois (4) were unable to detect 
it until about the 6th day. The present work was undertaken to ascertain 
when the enzyme, cytochrome oxidase, which usually operates with cyto- 
chrome ¢ as part of the same system, appears and how its concentration 
changes during the course of early development. 

Material and Methods 

Chick eggs were incubated at 37-38° for lengths of time varying from 
2to 12 days. The embryos were removed from the yolk and dissected 
away from the extraembryonic membranes. Extracts of the embryos 
were prepared in the following manner. One to eight embryos was used, 
depending on the age. These were ground in a small quantity of sand and 
taken up in 2 ec. of M/15 phosphate buffer (NagHPO,, KH2PO,) of pH 7.4. 
After light centrifugation, the supernatant fluid was decanted and used 
immediately for enzyme assay. 

Cytochrome oxidase activity was determined by measuring the oxygen 
consumption of the extracts in the presence of p-phenylenediamine (0.433 
gm. per 100 ec.) and cytochrome c in a Warburg respirometer at 26°. 
The usual procedure was to use 0.2 ce. of extract, 1.0 ec. of p-phenylene- 
diamine, 0.4 ee. of cytochrome c, and 0.4 ce. of M/15 phosphate buffer. 


* This research was aided by a grant to the first author from the Penrose Fund of 
the American Philosophical Society 
Contribution from the Department of Biology, Brooklyn College, No. 41. 
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Control runs were carried out in the absence of cytochrome c and p- 
phenylenediamine. The cytochrome c was prepared from beef heart by 
the method of Keilin and Hartree (5). The presence of cytochrome oxi- 
dase was tested for, in addition, by treating with 0.001 m sodium azide 
which, according to Keilin (6), specifically inhibits the oxidase. Measure. 
ments of total nitrogen were made on extracts by means of a micro- 
Kjehldahl technique in the usual way. 


EXPERIMENTAL 


The total oxygen consumption in the presence of p-phenylenediamine 
and cytochrome c, together with the total nitrogen content of the extracts 
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AGE-IN:DAYS AGE-IN- DAYS 
Fic. 1 Fic. 2 

Fic. 1. Relationship of rate of oxygen consumption (¢.mm. of O. consumed per 
hour per embryo) in the presence of p-phenylenediamine and cytochrome c (closed 
cireles), total Kjeldahl nitrogen in extract from one embryo (open circles), and 
time of incubation. 

Fic. 2. Relationship between per cent stimulation of oxygen uptake in the presence 
of p-phenylenediamine and cytochrome ¢ over control respiration in the absence 


of both, with time. 


on a per embryo basis, is shown in Fig. 1. It is apparent that, as in the 
work of Levy and Palmer (1) on dipeptidase activity, there is a correlation 
between nitrogen accumulation and cytochrome oxidase activity. Both 
curves show a break at about 4 days and a sharp increase in nitrogen con- 
tent and enzyme activity at about 8 days. Levy and Palmer find a break 
at about 43 days and another at about 103 days for dipeptidase. 

The earlier break in the curve for cytochrome oxidase is of especial 
interest. Its significance becomes much clearer when the oxidase data 
are replotted in terms of per cent stimulation over the oxygen uptake of 
the control, as in Fig. 2. Plotting the data in this manner shows that 
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there is no stimulation in uptake until the 4th day. This can only mean 
that the enzyme does not appear until that time. That this interpretation 
is correct is indicated by the effect of sodium azide, shown in Table I. 
Sodium azide does not begin to inhibit oxygen uptake until the 4th day. 
The absence of enzyme until the 4th day fits in with the observation 
reported by Yaoi (3) that cytochrome is not present until this same time. 

The data plotted in Fig. 2 also show the sharp break in enzyme activity 
at the 8th day. At this time, the nitrogen content and enzyme activity 
increase sharply. This may be related to the change in the rate and charac- 
ter of the metabolism of the embryo which occurs at about that time. All 
of the pertinent data are presented by Needham (7). Up until about the 
9th day, carbohydrate is the chief source of energy and the metabolic 


TABLE | 


Inhibition of Oxygen Uptake in Presence of p-Phenylenediamine 
c by 0.001 um NaN; 


and Cytochrome 


Age Inhibition | Age | Inhibition 
days per cent days per cent 
2 0 7 73 
3 0 | 8 | 64 
4 45 9 62 
5 66 11 76 
6 59 12 69 


rate is low. On about the 7th day, fat begins to be utilized and continues 
to be burned at an increasingly rapid rate up until the time of hatching. 


SUMMARY 


1. The change in cytochrome oxidase activity in the chick embryo has 
been measured from 2 to 12 days of incubation. 

2. Cytochrome oxidase increase is correlated with increase in total 
nitrogen. 

3. Cytochrome oxidase, as measured by oxygen uptake in the presence 
of cytochrome c and p-phenylenediamine does not appear until the 4th 
day of incubation. Neither can the oxygen uptake of extracts with or 
without p-phenylenediamine and cytochrome c be inhibited with sodium 
azide until the 4th day of incubation. 

4. There is a sharp increase in enzyme activity at the 8th day of in- 
cubation. ‘This increase is briefly discussed in terms of the change in the 
rate and character of the metabolism known to take place at about 
that time. 
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MODIFIED METHODS FOR THE CHEMICAL AND BIOLOGICAL 
DETERMINATION OF CHOLINE* 


By R. W. ENGEL 


(From the Laboratory of Animal Nutrition, Alabama Polytechnic Institute, Auburn) 
(Received for publication, May 13, 1942) 


Recent investigations, which have demonstrated the importance of 
choline as a dietary constituent for the rat, have created considerable 
interest regarding the total choline content of foods and other biological 
materials. Fletcher and coworkers (1) determined the total choline 
content of a number of substances by assaying the acetylated choline on 
the isolated intestine of the rabbit. These workers stated that duplicate 
assays occasionally differed by almost 30 per cent. Jacobi and coworkers 
(2), using a method based on the precipitation of choline as the reineckate 
(3), and comparing this procedure with a biological assay procedure (4), 
found satisfactory agreement between these two methods. Jacobi and 
coworkers also reported that values for the choline content of tissues, as 
determined by the reineckate method, agreed satisfactorily with the results 
obtained by Fletcher and coworkers (1). 

The present paper is concerned with the details of a modified chemical 
method for the determination of total choline in foods and other biological 
materials and the development of a biological assay procedure for the 
determination of the protective value of such materials when fed to rats 
receiving a choline-deficient diet. Data are presented to show that the 
results obtained by the chemical procedure are consistently higher than 
those reported previously by other investigators. Furthermore, the results 
indicate that the rat assay will prove valuable in determining the total 
protective value of foods and other biological materials; this value includes 
not only choline but other substances behaving like choline in the preven- 
tion of the hemorrhagic disease due to choline deficiency. 


Methods 


Chemical Determination—A sample of biological material was chosen 
which contained from 4 to 8 mg. of choline. The sample was weighed 
and transferred’ to a fiber extraction thimble. The thimble was placed 
in the bottom of a Bailey-Walker extraction cylinder containing 30 ml. 
of absolute methanol. After 4 hours extraction at the boiling temperature 

* Approved for publication by the Director of the Alabama Agricultural Experi- 
ment Station. A preliminary report of this work was presented before the annual 
meeting of the American Institute of Nutrition at Boston, April 1, 1942. 
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of the solvent, the thimble containing the sample was raised, permitted to 
drain, and the solvent transferred to a 125 ml. filtering flask. The thimble 
was then returned to the extraction cylinder, 30 ml. of fresh solvent added, 
and the extraction continued for about 16 hours. The solvent was again 
removed and the sample extracted a third time for 4 hours with 30 ml. of 
fresh solvent. 

The combined extracts were reduced to near dryness in a water bath 
(60-70°) under reduced pressure. The residue was treated with 30 ml. of 
saturated aqueous barium hydroxide for 2 hours at 100°. After being 
allowed to cool, the hydrolysate was neutralized to phenolphthalein with 
acetic acid and filtered by suction through an asbestos pad into another 
125 ml. filtering flask. The flask used in hydrolysis and the asbestos pad 
were washed with six 2 ml. portions of distilled water. 6 ml. of a 2 per cent 
solution of Reinecke salt in methanol were added to the combined filtrate 
and washings and the flask was placed in a refrigerator (3°) for 4 hours to 
allow complete precipitation. 

The precipitate of choline reineckate was filtered onto an asbestos pad. 
The flask and precipitate were washed three times with 2.5 ml. portions 
of cold ethanol (3°). Air was drawn through the pad until the precipitate 
was thoroughly dry. The precipitate was dissolved by washing with 
acetone, filtered, and made to 25 ml. volume. The concentration of 
choline reineckate was determined by means of a photoelectric colorimeter,! 
Filter 520 being used. 

For the calibration of the instrument, twelve solutions containing vary- 
ing concentrations of pure choline chloride were prepared. Each of these 
solutions was carried through the procedure for choline determination as 
just outlined. From these data, a standard curve was made, L values 
being plotted against mg. of choline chloride per 10 ml. of acetone solution. 

Biological Assay—The biological assay consisted of comparing the 
amount of protection afforded by a food material and by pure choline 
chloride in preventing kidney hemorrhages which occurred in rats receiving 
a choline-deficient diet. A diet developed in this laboratory (5), which 
was severely deficient in choline and in other substances behaving like 
choline (Diet 31-PMC), was used as the basal diet in these experiments. 

Previous experiments (6) had indicated that rats from different litters, 
receiving this diet plus suboptimum levels of choline, varied considerably 
in their susceptibility to choline deficiency. For this reason, litter mate 
weanling rats, weighing 40 to 45 gm., were divided into two like groups as 

to number, weight, and sex. One group received the choline-deficient 
diet plus that amount of the test food material daily which would supply 


The photoelectric colorimeter used was of the Evelyn type, manufactured by 
the Rubicon Company of Philadelphia. 
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4 mg. of choline chloride as determined by the chemical procedure; the 
other group received the same basal diet plus 4 mg. of pure choline chloride. 
Smaller and larger amounts of the test material were also fed and compared 
with the 4 mg. level of pure choline chloride. Several litters of rats were 
ysed in testing any given material, as is indicated in the condensed results 
in Tables VII and VIII. 

The 4 mg. level of choline chloride was chosen because at this level of 
daily intake some rats developed kidney hemorrhage, while others did not 
(6). The number of animals affected in any particular feeding test was 
thus used as a criterion in determining the relative protective value of the 
test material and pure choline chloride. 


RESULTS AND DISCUSSION 
Chemical 


Extraction of Choline—Methanol was used as the solvent for extracting 
the choline from the food material, because higher values were obtained 
with it than with any of the other solvents tried. Data presented in 
Table I show the effectiveness of a number of solvents. In general, the 
alcohols were the most effective, the highest values being obtained with 
methanol. Assuming that methanol removed 100 per cent, chloroform- 
methanol removed about 80 per cent and aleohol-ether removed about 34 
per cent of the choline from yeast. Alcohol-ether removed about 50 per 
cent of the choline from dried beef or pork liver and only 20 per cent from 
peanut meal. This solvent was considerably more effective on a sample 
of fresh rat liver, from which it removed 80 per cent of the choline. Al- 
though solvents varied in their effectiveness, depending upon the material 
being extracted, for all the materials used, methanol was superior to any 
other solvent for extracting choline. 

Alkaline Hydrolysis—The alkaline hydrolysis with aqueous barium 
hydroxide was conducted at the boiling temperature because of the failure 
to obtain consistent results at 80°, the temperature suggested by Jacobi 
and coworkers (2). As is seen in Table II, hydrolysis at the boilimg tem- 
perature for 2 hours produced higher and more uniform results than were 
obtained at 80°. That choline chloride was not destroyed by a 2 hour 
treatment at the boiling temperature is also shown in Table IT. 

Choline Recovery—To determine whether substances present in the 
methanol extracts might interfere with the determination of choline, 
known quantities of pure choline chloride were added to extracts of peanut 
meal, yeast, and liver (Table III). Exeellent recoveries were obtained in 
all cases, the maximum deviation from theoretical values being 1.5 per cent. 

Stability of Choline to Heat Treatment—To determine the stability of 
choline to heat treatments generally employed for the removal of moisture 
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from biological materials, analyses were conducted on samples of fresh 
liver as well as on samples of the same liver dried at 104° for 24 and 48 
hours. The data presented in Table IV indicate that choline is stable to 
the heat treatment used for routine moisture determinations. 

Other Possible Reineckates—To determine whether methanol extracts 
of tissues such as yeast, liver, or peanut meal might contain substances 
which would be precipitated by Reinecke salt along with choline, a number 


TABLE | 
Efficacy of Solvents for Extraction of Choline from Biological Material 
The dried materials were ground to pass a 40 mesh sereen. The fresh material 
was ground to a pulp with sea sand before being extracted. The extractions were 
conducted for 24 hours at the boiling temperature of the solvent; three 30 ml. quan- 
tities of solvent were used on each sample. 


Choline chloride 


Material Solvent extracted 
meg. per gm. per cent 
Dried brewers’ yeast Methanol 1.97 100.0 
Methanol-ethanol (1:1) 1.79 96.3 
Ethanol 1.75 95.8 
Methanol-chloroform (1:1) 3.96 79.7 
Ethanol-Skellysolve B (1:1 2.42 418.7 
Ethanol-ethyl ether (1:1) 1.68 33.8 
Chloroform 1.65 33.2 
Acetone 0.84 16.9 
Ethyl ether 0.60 12.1 
Skellysolve B 0.33 6.6 
Petroleum ether 0.15 3.1 
Dried beef liver Methanol 23.80 100.0 
ithanol-ethyl ether (1:1) 13.50 56.7 
pork Methanol 21.85 100.0 
Ethanol-ethyl ether (1:1 11.38 52.0 
Peanut meal Methanol 2.28 100.0 
Ethanol-ethyl ether (1:1 0.49 21.2 
Fresh rat liver Methanol 3.55 100.0 
Ethanol-ethyl ether (1:1 2.83 80.0 


of substances were tested. Thiamine and nicotinic acid, in slightly 
acidified aqueous solutions, formed pink, acetone-soluble precipitates with 
Reinecke salt. If these compounds were treated for 2 hours with boiling 
aqueous barium hydroxide, however, they failed to produce any pre- 
cipitate. Negative results were also obtained, both before and _ after 
alkaline treatment, with samples of pyridoxine, riboflavin, calcium panto- 
thenate, ascorb‘e acid, inositol, betaine, methionine, creatine, ethanol- 


amine, ammonia, urea, and p-aminobenzoic acid. 
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Solubility of Choline Reineckate in Ethanol—In calibrating the photo- 
electric colorimeter, as previously stated, the choline reineckate used in 


TABLE Il 


Effect of Temperature upon Liberation of Choline from Methanol Extracts with Aqueous 


Barium Hydroxide 


iz Treatment 

Material ao 
c. 
Extract of beef liver 80 
100 
Extract of dried brewers’ yeast SO 
100 
6.53 mg. choline chloride 100 


TaBLe III 


Choline chloride found 


mg. per gm. 


18.84 
20.10 
22.46 
24.42 
24.46 
24.60 
67 
89 
50 
95 
OS 
00 
6.60 
6.52 


6.52 


a 


Average 


meg. per gm. 


20.47 


24.49 


1.69 


4.98 


Recovery of Choline Chloride Added to Methanol Extracts of Yeast, Liver, and Peanut 


Meal 
Choline chloride 
Methanol extract of 
In extract Added Total present 

my mg. me. 

Dried brewers’ yeast 3.40 1.69 5.09 
beef liver 1.88 2.11 3.99 

1.88 3.81 5.69 

2.18 2.11 4.29 
2.64 2.96 5.60 
3.77 2.11 5.88 
$.52 2.11 6.63 
Peanut meal 1.45 3.38 $.83 
2.90 1.69 4.59 
2.90 1.69 4.59 


Total found 
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.70 
35 
.63 
90 
».60 
83 
58 


62 
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obtaining a standard curve was uniformly washed with small quantities 
(three 2.5 ml. portions) of cold ethanol before dissolving in acetone. This 














706 DETERMINATION OF CHOLINE 


was highly important, since excessive washing with ethanol resulted jp 
appreciable losses of choline, as is shown in Table V. When the Z values 
obtained with choline reineckate which had been washed three times with 
2.5 ml. portions of cold ethanol are compared with the Z values obtained 
from choline reineckate which had been washed six times with 5 ml. 


TaBLe IV 


Effect of Heat Treatment on Stability of Choline in Rat Liver 


Liver from Rat No Treatment Choline chloride found* 
me. per gm. 
] None 3.55 
1 Dried at 104° for 24 hrs. 3.52 
2 None 3.79 
2 Dried at 104° for 48 hrs. 3.82 


* All the results were calculated on the fresh basis. 


TABLE V 


Choline Reineckate Concentration and Corresponding L Values 


Choline chloride in 10 ml. acetone L value* (2 log G L valuet (2 —log G) 
me. i 
0.631 0.0706 0.0206 
1.263 0.1503 0.0410 
RO4 0.2236 0 0928 
2.525 0.3140 0.1565 
3.157 0.3980 0. 2347 
3.788 0.4910 0.3140 
+. 420 0.5770 0.3900 
5.051 0.6580 0.4690 
5.682 0.7450 0.5450 
6.314 0.8380 0.6240 
6.945 0.9030 0.7040 
7.576 0.9890 0.7760 


*The L values which were obtained with choline reineckate which had_ been 
washed three times with 2.5 ml. portions of cold ethanol. 
+ The L values which were obtained when the choline reineckate was washed six 


times with 5 ml. portions of cold ethanol 


portions, it is seen that considerable loss of choline had occurred with the 
more intensive washing. To determine the solubility of choline reineckate 
in ethanol a known quantity of the crystalline substance was shaken with 
ethanol and allowed to stand at room temperature for 16 hours. By this 
treatment choline reineckate was soluble to the extent of 19 mg. per 100 


ml. In routine determinations, therefore, each sample of choline reineckate 
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was washed three times with 2.5 ml. of cold ethanol, as was done in cali- 
brating the colorimeter. 

The standard curve was checked from time to time with standard solu- 
tions of choline reineckate which were prepared according to the procedure 
outlined. Between ZL values of 0.2236 and 0.7450 the maximum error 
encountered was +1.5 per cent; this error increased to +5 per cent for 
L values from 0.0706 to 0.2236 and from 0.7450 to 0.9890. 


TaBLe VI 
Total Choline Content of Biological Material 


Material = Material Sloride 
J me. mg. 
per gm. per gm. 
Dried brewers’ yeast, Sample 1 5.05 | Soy bean meal | 3.40 
«4.98 | | 3.50 
| 4.95 | | 3.45 
F 2 4.90 Mature soy beans 3.45 
4.89 | 3.40 
4.90 | | 3.35 
3 3.03 | Dried beef liver 23.80 
3.00 | 23.95 
3.07 | | 23.60 
bakers’ - 1 | 5.25 | ‘pork | 21.94 
| 5.15 | | 22.06 
5.19 | | 21.56 
¥ 2 4.45 | rat ‘‘ Sample 1* | 11.71 
4.45 | 11.42 
4.48 | 11.71 
3 4.13 2° | 10.26 
+. 20 | 10.19 
4.24 | 10.14 
Peanut meal 2.22 3* 3.76 
2.25 3.83 
2.28 3.80 


*Sample 1 was obtained from a rat on the stock diet. Sample 2 was from a rat 
receiving a choline-deficient diet plus 20 mg. of choline chloride daily for 6 weeks. 
Sample 3 was from a rat receiving the choline-deficient diet only for 6 weeks. 


Analyses for Total Choline—Choline determinations were made on a 
number of substances by the procedure as previously outlined. Results 
of triplicate analyses on each material are presented in Table VI. Differ- 
ent strains of yeast varied considerably in their choline content. Also 
differences were noted in the choline content of liver tissue from different 
mammalian species. Extremely low choline values were obtained for 
liver tissue from rats which had received a choline-deficient diet for 6 
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weeks. A sample of soy bean meal contained as much choline as did whole 
mature soy beans. In general, the values reported here for yeast, beef 
liver, pork liver, and normal rat liver are 30 to 50 per cent higher than the 
values reported by other workers (1, 2). 


Biological 


Bioassay results with peanut meal are presented in Table VII. When 
peanut meal was fed at a level to supply 4 mg. of choline chloride daily, 
as determined by the reineckate procedure, the same protection was 
exhibited as with pure choline chloride fed at the 4 mg. level. In each 
group, ten out of twelve rats had either died with kidney hemorrhage, or 
exhibited hemorrhage or signs of former hemorrhage on the 14th day of 


TaB.e VII 
Comparison of Protective Value of Peanut Meal and Pure Choline Chloride When Fed 
to Rats Receiving Choline-Deficient Diet 
No. of rats 


No. of rats Daily supplement with kidney 
hemorrhage 


12 1.760 gm. peanut meal (~ 4.0 mg. choline chloride 10 
12 t.0 mg. choline chloride 10 
16 Diet 41-P* (ad libitum ll 
16 * 31-PMC + cholinet (ad libitum) 11 
11 1.580 gm. peanut meal (~ 3.6 mg. choline chloride 10 
1] 1.0 mg. choline chloride 7 


* Diet 41-P was the same as Diet 31-PMC except that the alcohol-extracted 
peanut meal was replaced by crude unextracted peanut meal 

+ Choline chloride was added to restore the choline content of the diet to that of 
Diet 41-P 


the experiment when necropsy examinations were routinely made. Similar 
results were obtained when the rats received a basal diet containing crude 
unextracted peanut meal, or a diet containing the extracted meal with its 
original choline content restored by the addition of pure choline chloride. 
In each group, eleven out of sixteen rats had either died or showed kidney 
hemorrhage at necropsy. When the choline-deficient diet was supple- 
mented with crude peanut meal at a level to supply 3.6 mg. of choline 
chloride, the incidence of kidney hemorrhage was greater than if 4 mg. of 
choline chloride were fed. These results showed definitely that for peanut 
meal the reineckate procedure for choline determination was in good 
agreement with the bioassay results. 

Bioassays were also conducted on samples of dried brewers’ yeast and 
dried beef liver which had been analyzed for choline by the reineckate 
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procedure. The results are presented in Table VIII. The same protec- 
tion was observed with yeast fed at a level to supply 4 mg. of choline 
chloride as was observed when the same level of pure choline chloride was 
fed. Feeding 10 per cent more or 10 per cent less yeast resulted in slightly 
greater or slightly less protection against kidney hemorrhage. 

Dried beef liver gave more protection than could be accounted for on 
the basis of its choline content as determined chemically. Liver fed at 
a level to supply 3.2 mg. of choline chloride gave the same protection as 
4 mg. of pure choline chloride. Smaller or larger amounts of liver, when 
compared to 4 mg. of choline chloride, gave correspondingly less or greater 


Tasie VIII 
Comparison of Protective Value of Yeast or Liver and Pure Choline Chloride When Fed 
to Rats Receiving Choline-Deficient Diet 


No. of rats 

No. of rats | with kidney 

hemorrhage 
11 0.778 gm. yeast (~ 4.0 mg. choline chloride) 3 
1] 4.0 mg. choline chloride 3 
11 0.700 gm. yeast (~ 3.6 mg. choline chloride) 6 
11 +.0 mg. choline chloride 4 
8 0.856 gm. yeast (~ 4.4 mg. choline chloride) 4 
8 +.0 mg. choline chloride 6 
12 0.130 gm. liver (~ 3.2 mg. choline chloride) 6 
12 4.0 mg. choline chloride 6 
1 0.114 gm. liver (~ 2.8 mg. choline chloride) 2 
| 1.0 mg. choline chloride 0 
7 ().146 gm. liver (x 3.6 mg. choline chloride) 2 
7 $.0 mg. choline chloride { 
8 0.163 gm. liver (> 4.0 mg. choline chloride) 4 
8 t.0 mg. choline chloride S 
{ 0.179 gm. liver (~ 4.4 mg. choline chloride) 1 
} 1.0 mg. choline chloride 4 


protection. These results indicate that liver contained substances, other 
than choline, which exhibited a choline-like action. 

The bioassay should prove valuable as a means of determining the com- 
bined effect of choline, and other substances present in biological material 
which behave like choline, in the prevention of kidney hemorrhage in the 
rat. Use of the reineckate precipitation procedure, along with the bioassay, 
would yield information concerning the relationship between the choline 
content of various materials and their biological protective value. 

It is apparent, from the results presented in Tables VII and VIII, 
that there was considerable litter variation in the susceptibility of rats 
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to choline deficiency. The uniformity of the results obtained, however, 
when bioassay comparisons were restricted to rats within a litter, indicated 
that this difficulty could be largely overcome. Furthermore, the results 
indicate that the bioassay procedure is a highly sensitive biological test, 
since variations of 10 per cent in the test food material could be detected. 


SUMMARY 


The reineckate method for the determination of total choline in foods 
and other biological materials has been improved. A biological assay 
has been developed for determining the total choline value of such mate- 
rials. A combination of chemical determination and biological assay 
should prove valuable in arriving at both the choline content of biological 
material and its content of substances other than choline which exhibit 
choline-like action when fed to rats. 
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INHIBITION OF CATALASE BY HYDROXYLAMINE AND 
p-HY DROXYLAMINOBENZENESULFONAMIDE AND THE 
REVERSAL OF INHIBITION BY SERUM, CRYSTALLINE 
SERUM ALBUMIN, AND HEMIN* 


By M. G. SEVAG, MYRTLE SHELBURNE, anp M. IBSEN 


(From the Department of Bacteriology, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, May 22, 1942) 


In a previous communication (1) it was shown that p-hydroxylamino- 
benzenesulfonamide (HONHR) did not inhibit catalase in the presence of 
serum. In contrast in a later experiment it was observed that HONHR 
inhibited catalase in the absence of serum. The present study deals with 
the reversible inhibition of catalase by hydroxylamine and its benzene- 
sulfonamide derivative in the presence of serum, crystalline serum albumin, 
and hemin. 

p-Hydroxylaminobenzenesulfonamide was obtained in two forms (1), 
one melting at 141.5° and the other at 161.5°. These two forms manifest 
different chemical and physical properties. A paper dealing with these 
differences will be published elsewhere. The experiments in this study 
were carried out with the substance which melts at 141.5°. It oxidizes 
with relative ease; a study of its biological and chemical action therefore 
involves certain complications which must be strictly controlled to measure 
its effects accurately. 1 mole of this substance consumes 1 mole of oxygen, 
vielding 1 mole of p-nitrosobenzenesulfonamide and 1 mole of hydrogen 
peroxide. The former reaction product combines with 1 mole of p-hy- 
droxvlaminobenzenesulfonamide forming azoxydibenzenesulfonamide. 
The rate of oxidation and, therefore, the amount of hydrogen peroxide 
formed are dependent on the pH of the reaction system. At pH 4.5 it is 
practically non-oxidizable; on the other hand in alkaline solution the 
volume of oxygen consumed corresponds to 90 to 95 per cent of the theo- 
retical value. At neutrality the degree of oxidation occupies an inter- 
mediary point. 

In the inhibition experiments if catalase is present in excess, hydrogen 
peroxide which is produced by the oxidation of p-hydroxylaminobenzene- 
sulfonamide (inhibitor) is not to be found in the reaction system. Even 
though the catalase may be completely inhibited, the oxidation of the 
inhibitor is not inhibited. This inhibitor thus provides the catalase it in- 


* This work was carried out under grants from the Josiah Macy, Jr., Foundation 
and Merck and Company. 
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hibits with the specific substrate and thereby offers an excellent. method of 
studying its effect on catalase under various conditions (Table I). Addi- 
tion of hydrogen peroxide to the system does not affect the inhibition 
results. ‘These methods have been employed in this study in the presence 
and absence of serum, crystalline serum albumin, and hemin, on blood and 
crystalline liver catalases (Tables IT and III). 


EXPERIMENTAL 

Crystalline Liver Catalase—The sample of crystalline liver catalase kindly 
supplied by Professor J. B. Sumner of Cornell University contained 23.4 
mg. of non-dialyzable total solids per ec. of stock solution. In inhibition 
experiments the solutions of catalase used were prepared by diluting the 
undialyzed stock sample. The expressed molarity was calculated from 
the molecular weight of 248,000 as determined by Sumner and Gralén (2), 
Since 1 molecule of catalase contains four heme groups, a molar solution 
of catalase would be equal to 4 _m with respect to heme. 

Crystalline Serum Albumin—The dry weight of a dialyzed solution of 
crystalline serum albumin was determined by analysis for micro-Kjeldahl 
nitrogen. The molecular weight of 70,000 was used to calculate the mo- 
larity of albumin per vessel. The absence of hemin in serum albumin was 
shown with benzidine as follows: 1.63 mg. of serum albumin in 0.5 ec. of 
phthalate buffer of pH 4.4 were treated with 3 drops of 3 per cent H,O, 
solution and 2 drops of saturated alcoholic benzidine solution. The test 
was negative. As control, 0.5 ec. of a solution containing 3.6 & 10~-° mg. 
of hemin (1.1 & 10-7 M) gave a positive peroxidative test. 

Hemin—The hemin (mol. wt. 651.3) used in this study was a crystalline 
preparation kindly supplied by Dr. D. L. Drabkin of the Department of 
Physiological Chemistry. 

Blood Catalase—The solution of blood (rabbit) catalase was water-clear. 
In the preparation of the stock solution care was taken to remove the last 
traces of serum and hemoglobin as previously described (3). 1 cc. of 
catalase solution was obtained from 0.1 ec. of the rabbit whole blood. 

Normal Serum—The normal horse serum was heated at 56° (water bath) 
for 1 hour to inactivate traces of catalase that might have been present. 
Though it was free from apparent traces of hemolyzed blood, it gave a 
positive peroxidative test with benzidine, showing the presence of hematin 
derivatives. Dialysis of the serum against running 0.02 nN HC! solution 
and distilled water for several days did not eliminate the substance re- 
sponsible for the positive peroxidative test. 

Measurement of Inhibition of Catalase—The inhibition of catalase was 
measured manometrically with the Barcroft-Warburg set-up, and at the 
end of the experiment the contents of the vessels were also analyzed for 
H,O, (iodometric method). 
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The manometric measurements were carried out in vessels with two 
side arms. ‘The reaction system consisted of 2.5 cc. of M/15 phosphate 
buffer of pH 7.4, 0.2 cc. of catalase solution, and 1.0 ec. of either serum, 
serum albumin, or hemin solution. One side arm contained the inhibitor, 
the other side arm the HO, (0.0063 M final concentration). Distilled water 
was added to the vessel to bring the final volume to 5.8 ce. After the 
equilibration of the temperature the contents of the side arms were mixed 
in the order desired. 

At the end of the manometric measurements the contents of the vessels 
and the side arms were thoroughly washed into Erlenmeyer flasks to which 
were added 2.0 ec. of 5 per cent H,SO, solution, 2.0 ec. of 2 per cent potas- 
sium iodide solution, and 1.0 cc. of 1 per cent ammonium molybdate solu- 
tion (containing 5 cc. of 25 per cent H.SO, solution). After a 5 minute 
interval the liberated iodine was determined by titrating with 0.01 N 
sodium thiosulfate solution delivered by a micro burette. Near the end- 
point 2 drops of 1 per cent soluble starch solution were used. 


RESULTS AND DISCUSSION 


The results given in Table I show that p-hydroxylaminobenzenesulfon- 
amide (HON HR) inhibited rabbit blood and liver catalase.!| The inhibition 
caused by 9.17 X 10°* m HONHR was completely reversed by 1.0 (or 0.01) 
ce. of clear catalase-free serum.2 In other experiments similar to those 
presented in Table I, 1 X 10-* m HONH; inhibited 1.63 X 10-* Mm crystal- 
line liver catalase 60.0 per cent, and 2.72 XK 10~ M liver catalase was 
inhibited 59 per cent by 1 X 10-°>M HONHg,. These inhibitions were simi- 
larly reversed by serum. 

It is evident from these data that the serum contains certain substances 
which compete with catalase for the above inhibitors. In peroxidative 
tests serum showed the presence of a hematin compound which could not 
be eliminated by dialysis. It was thought that either the serum proteins 
or the hemin, or both, present in serum might be responsible for the com- 
plete reversal of the inhibition of catalase by the above inhibitors. As will 
be seen from the results given in Tables II and III, this assumption was 
confirmed. Table II shows that 2.72 X 10~-° m crystalline liver catalase 
was inhibited 89 per cent by 1 X 10 m HONH, and 89 per cent by 
458 & 10°° um HONHR. These inhibitions were reversed to the extent 
of 77 and 96.0 per cent, respectively, by 4.0 X 10-* M crystalline serum 


‘Collier (4) had previously shown that p-hydroxylaminobenzenesulfonamide 
inhibited liver catalase. 

* The present study shows that in the presence of serum 10 mg. (9.17 X 10°? mM) 
of p-hydroxylaminobenzenesulfonamide are incapable of inhibiting 0.02 cc. of catalase 
(corresponding to 0.002 ce. of whole blood). In other words, 5 gm. of p-hydrox- 
ylaminobenzenesulfonamide are incapable of inhibiting 1.0 cc. of whole blood. 
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albumin. The inhibition by 1 X 10° mM HONHg: was reversed 46 per 
cent also with as little as 6.2 & 10-8 m erystalline serum albumin. This 
indicates that HON He, has about the same affinity for serum albumin that 
it has for catalase. The question as to what group in the protein reacts 
with the inhibitors to account for the reversal of the inhibition of catalase 
was investigated. 

Carbohydrates such as mannose, galactose, levulose, arabinose, poly- 
saccharides of pneumococcus Type I, and rabbit liver glycogen were added 


TABLE I 
Reversibility of Inhibition of Rabbit Blood and Crystalline Liver Catalase by 
p-H ydrorylaminobenzenesulfonamide (HONH R) in Presence of Serum 
C.mm. of O. consumed by 9.17 XK 10°? m HONHR and the decomposition of the 
H.O» formed by catalase. Reaction period 150 minutes. 


Reaction systems Or H2O: Inhibition | Reversal 
c.mm. micromoles* per cent percent 
1. No catalase ; 350 8.7 
2. + 1 ce. serum 159 11.1 
3. 0.02 ce. blood catalasef............. , 354 8.6 gg 
1. 0.02 ** xe ™ + 1 ee. serum 260 0.0 0 100 
5.0.2 " 3 Ds 253 1.25 14 
SP > le re + | ec. serum 269 0.0 0 100 
7. 1.63 & 10-° M liver catalase 331 7.65 Wi 
pe 2S 2 ee + 1 ce. 
serum 267 0.0 0 100 
9. 3.62 K 10°° o liver catalase 310 3.15 36 
10. 3.62 K 10°? * ; >i + 1 ee. 
serum 204 0.0 0 100 


In comparison to Systems 1, 2, 3, 7, and 9, Systems 4, 5, 6, 8, and 10 show smaller 
volumes of oxygen consumed. This is due to the fact that in the latter systems 
catalase is not inhibited and therefore it decomposes H2O2 formed according to 2H,0, 
— 2H.0 + O,. The liberated oxygen returning to the system causes a positive pres- 
sure and therefore the measured volume of consumed O2 is smaller. 47 to 60 per cent 
of the reactions were completed after 30 minutes in all the above systems. After 
60 minutes the completed reactions varied from 60 to 90 per cent 

* Ce. of 0.01 N NaS.0; X 5. 

t 0.02 ce. of blood catalase corresponds to 0.002 ec. of whole rabbit blood. 


to the reaction systems. There was no trace of reversal of the inhibition 
of catalase, indicating either the absence of a carbohydrate prosthetic 
group in crystalline serum albumin (5) or the inability of the inhibitors to 
react with the protein-bound carbohydrates under these experimental 
conditions. ‘To test the possible reactivity of the keto group in dipeptide 
linkages for the inhibitors hippuric acid was used, but no effect was ob- 
served. On the basis of these results it would seem that the protein mole- 
cule itself manifests affinity for HON H: and HONHR. 
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Table III showed that 2.72 K 10~-" o erystalline liver catalase was in- 
hibited 84.0 per cent by 1 & 10-> Mm HONH, and about 70 per cent by 
158 X 10° m HONHR. The inhibition by HON H, was reversed 52 to 
64.0 per cent by 4.73 K 10-* mM hemin. These results show that HON H, 


TABLE II 


Reversibility of Inhibition of Crystalline Liver Catalase by Hydroxylamine and 
p-Hydroxylaminobenzenesulfonamide (HONH R) in Presence of 4.0 X 10-° m 
Crystalline Serum Albumin 


Reaction period 150 minutes. 
Inhibition Reversal 


eemeenieatemee Oz | HO: | Jodo- | Mano- | Iodo- | Mano- 
metri- | metri- | metri- _ metri- 
cally cally cally cally 


2.72 X 10° M liver catalase 


c.mm. — percent percent | percent percent 

1. No inhibitor Se 130 9.3 
oe + serum albumin 537 1.4 
3.1 10° uM HONH, 76 41.5 SY 83* 
tixnw “ si + serum albumin $28 10.3 21 20t 77t 75t 
5. 4.58 K 10-5 um HONHR ney 64 41.6) 8&9 85* 
6. 4.58 & 10-5 ‘ " + serum al- 

bumin _.| 510 1.5 4 | 5t] 96t| 94f 


Catalase absent. Controls 


10-° wm HONH: a ear Ee .| 15 46. 


a ox 7 
Rix“ ‘+ serum albumin 0 49.5 
9. 4.58 X 10° um HONHR eal 5 | 47.0 
10. 4.58 & 10-5 * - + serum al- 

bumin ane wreck aes eee pee Pe 5 $1.8 
11. Serum albumin, no inhibitor paca 2 44.9 


* The inhibition by HONH, after an 8 minute period was 87 per cent, and by 
HONHR 80 per cent. 

t In the presence of serum albumin the inhibitions by HON H: after 8 and 30 minute 
periods were respectively 76 and 55 per cent, and by HONHR were 13 and 5 per cent. 

t In the presence of 6.2 X 10-8 mM erystalline serum albumin the reversal of the 
inhibition by 1 X 10-° m HONH, was 46 per cent; the reversal of the inhibition by 
4.58 X 10-> um HONHR was 19 per cent. 


and HONHR manifest affinities towards hemin as well. The evidence 
that HONH. combines with hemin was derived also from experiments in 
which the catalase activity of higher concentrations of hemin per se was 
inhibited 50 per cent by HON Hs. 

2.72 X 10-" M liver catalase contains 1.1 X 10-° mM hemin. The inhibi- 
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tion of catalase was reversed 46.0 to 50.0 per cent by 4.73 & 10~ m hemin. t 
A direct comparison between the affinities of catalase hemin and the erys- | g 
talline hemin towards HONH, and HONHR is difficult to make because 








s 
Tasie III t 
Reversibility of Inhibition of Liver Catalase by Hydroxylamine and p-Ilydroxyl- i 
aminobenzenesulfonamide (HONHR) in Presence of Hemin t 
Reaction period 150 minutes. Q 
Inhibition Reversal 
Reaction systems Or HO» lodo aA ame Mano ~ 
metri metri metri metri u 
cally cally cally cally 
c 
2.72 X 10°'° m liver catalase (hemin content = 1.1 X 10°% m) | 
c.mm pom ta percent percent percent per cent | 
1. No inhibitor 545 = ' 
a + + 9.5 X 107-7 mM hemin 520 3.6 I 
3. +4.73X 106" * 513 3.8 I 
1. 1 X 10° uM HONH, 92 1005 S4 §3* i 
a ixXw>” = + 9.5 X 10°77 M 
hemin 164 33.4 71 70* 16 16 
6. 1 X 10°°mM HONH, + 4.73 & 10°¢ 
hemin 299 20.6 15 12* 16 5G 
7. 4.58 X 10°°> um HONHR 152  34.0)/ 70 72° a7 
8. 4.58 <x 10-5 ‘ * + 9.5 &X 10°77 M | 
hemin 166 32.3 67 6S* { 6 
9. 4.58 X 10°5° m HONHR + 4.73 XK 10-8 
hemin 384 14.8 33 26* 52 64 
Catalase absent. Controls t 
10. 1 X 105M HONH 6 18.3 
mina: a + 9.5 X 10°77 M 
hemin 6 17.3 
12. 1X 10°°>m HONH, + 4.73 K 10° 
hemin.... 29 15.8 
13. 4.58 X 10°° uw HONHR s 19 0 
14. 4.58 < 10°§ ‘“‘ ” + 9.5 K 1077 m 
hemin 7 18.3 ' 
15. 4.58 X 10°°>m HONHR + 4.73 X 10-8 : 
hemin 33 14.8 


* In Systems 4 to 9, the inhibitions after 8 minutes were respectively 83, 79, 64, 


66, 67, and 29 per cent. 


of the fact that they combine with both the protein and the hemin com- — | 
ponents of catalase. l'rom the fact, however, that 6.2 & 10°° m erystalline 
serum albumin and 4.73 X 10~* m hemin reverse the inhibition of catalase 





in, 
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to the same degree, it would appear that HON H, manifests about 100-fold 


ys- | greater affinity towards protein than it does towards hemin. 


use 


ent 


Stern (6) found that hydroxylamine did not bring about a change in the 
spectrum of catalase. He stated that the stability of the enzyme spectrum 
towards hydroxylamine is of interest in view of the fact that this substance 
inhibits the activity of the enzyme. Keilin and Hartree (7) found likewise 
that HON H, does not appreciably change its color or the general pattern 
of its absorption spectrum. 

Smythe (8) stated that hydroxylamine inhibited yeast fermentation. 
Sevag and Shelburne (1) found that hydroxylamine (likewise HONHR) 
inhibited aerobic bacterial respiration and the anaerobic glycolysis of glu- 
cose by bacteria. Frank and Gaffron (9) stated that hydroxylamine in- 
hibited the photosynthetic reactions by plants and bacteria. There were 
lacking, however, definite data as to the point of attack by HON H; on the 
above enzyme systems. The results of the present study show that 
hydroxylamine and its derivatives are capable of combining both with the 
heme type of enzyme systems and those enzyme systems which do not 


involve heme groups. 
SUMMARY 


The inhibition of blood and crystalline liver catalase by hydroxylamine 
and p-hydroxylaminobenzenesulfonamide is completely reversible in the 
presence of serum, crystalline serum albumin, and hemin. 

Hydroxylamine and p-hydroxylaminobenzenesulfonamide combine with 
both hemin and crystalline serum albumin free from hemin. These in- 
hibitors are, therefore, capable of inhibiting both the heme and non-heme 


type of enzyme systems. 


BIBLIOGRAPHY 


1. Sevag, M. G., and Shelburne, M., J. Bact., 48, 421, 447 (1942). 

2. Sumner, J. B., and Gralén, N., J. Biol. Chem., 126, 33 (1938). 

3. Sevag, M. G., and Maiweg, L., Biochem. Z., 288, 41 (1936). 

4. Collier, H. B., Canad. J. Research, Sect. B, 18, 345 (1940). 

5. Hewitt, L. F., Biochem. J., 32, 1554 (1938). 

6. Stern, K. G., J. Gen. Physiol., 20, 631 (1937). 

7. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 124, 397 (1937). 

8. Smythe, C. V., Enzymologia, 6, 9 (1939). 

9. Frank, J., and Gaffron, H., in Nord, F. F., and Werkman, C. H., Advances in 
enzymology, New York, 248 (1941). 




















co 


ha 
an 
to 
fo 
of 


de 


pr 
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THE AID OF 3,4-DICHLOROBENZENESULFONIC ACID 
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(From the Biochemical Laboratory of the Connecticut Agricultural Experiment Station, 
New Haven) 
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It has recently been shown that 3 ,4-dichlorobenzenesulfonic acid forms 
a salt with histidine that has excellent properties for the isolation of this 
amino acid from protein hydrolysates (1). The reagent is one of the large 
group of sulfonic acids being studied by Bergmann and his collaborators 
with the object of developing new procedures for the determination of the 
amino acid composition of proteins (2). Bergmann’s chief interest is in 
methods of the solubility product type (3) for which reagents that yield 
salts of a moderate degree of solubility are desirable. The marked in- 
solubility of some of these new salts of the amino acids suggests, however, 
that in certain cases gravimetric determination may prove feasible, and a 
method of this type in which 3,4-dichlorobenzenesulfonic acid is em- 
ployed for the determination of histidine in hemoglobin is described in 
the present paper. 

The tendency of the monosulfonate of leucine to separate from the 
hydrolysate of hemoglobin together with the histidine salt, when an excess 
of 3,4-dichlorobenzenesulfonic acid is added, indicated that there was 
little hope of finding conditions under which the basic amino acid alone 
could be precipitated and purified with analytical rigor; attention was 
accordingly turned to the use of the reagent to determine histidine in the 
mixture of amino acids that is precipitated from the hydrolysate by silver 
salts at neutral reaction. Although histidine is by far the major com- 
ponent, the exact composition is not known, save that cystine or cysteine 
is almost invariably present (4). Hitherto, purification of the histidine 
has usually been carried out by precipitation with mercuric sulfate (5), 
an operation which, although quantitative or nearly so (6) with respect 
to the isolation of histidine, presents technical difficulties. It has been 
found that the sulfonic acid reagent serves admirably for the separation 
of histidine from this mixture in a form suitable for weighing, and the 
determination of histidine in hemoglobin is thereby materially simplified. 
The conditions under which the technique can be applied in the case of 
proteins of low histidine content remain to be determined. 
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EXPERIMENTAL 


The preparation of the hydrolysates is carried out exactly as for the 
determination of arginine (7). Approximately 25 gm. of hemoglobin 
are taken for each set of analyses and the hydrolysate is made to 250 ml. 
Of this, four 1 ml. aliquots are used for the determination of nitrogen by 
the macro-Kjeldahl method (8 hours digestion time), and the exact quan- 
tity of protein present is calculated from the corrected nitrogen content 
of the dry preparation. The remainder of the hydrolysate is decolorized 
by treatment with norit, again brought to 250 ml., and four 50 ml. ali- 
quots, or the equivalent of approximately 5 gm. of protein each, are taken 
for analysis. This yields a convenient amount of histidine disulfonate, 

Preparation of Histidine Solution—To the 50 ml. aliquot, in a 500 ml. 
centrifuge bottle, 20 per cent aqueous silver nitrate solution is added 
with continuous agitation. The reagent is run in from a burette until 
a drop of the carefully stirred solution placed on a watch-glass yields a 
brown precipitate when a drop of cold saturated barium hydroxide solu- 
tion is added; from 60 to 70 ml. are required as a rule. The test samples 
are washed back quantitatively into the main solution. The solution is 
then brought to pH 7.4 by the addition of 1.0 N sodium hydroxide. Slow 
addition and thorough agitation are essential in order to avoid the pro- 
duction of high local alkalinity and consequent precipitation of arginine 
silver. The end-point is judged by adding a few drops of 0.04 per cent 
bromothymol blue solution to a small sample after this has been cen- 
trifuged clear. The color is compared with a suitable buffer solution to 
which the same amount of indicator has been added. The test samples 
are quantitatively returned as before. 

The precipitate of silver chloride and histidine silver obtained from 
hemoglobin hydrolysates is dark in color, owing to the presence of ferrous 
hydroxide. It is centrifuged and the solution is decanted through a thin 
layer of paper pulp on a 4 inch Hirsch funnel in order to retain the trace 
of precipitate that may be disturbed, and is washed twice successively by 
being thoroughly stirred with about 250 ml. of cold water and centrifuged. 
The washings are decanted through the same filter, and the filtrate is 
acidified with hydrochloric acid and set aside for the recovery of silver.' 

The precipitate is again suspended by being stirred with warm water, 
and 3 ml. of concentrated hydrochloric acid are added. The bottle is 
stoppered and shaken to insure complete decomposition of the histidine 
compound, and is centrifuged. The clear solution is poured through the 


? Owing to the presence of sodium, the filtrate cannot be used for the determination 
of arginine by the diflavianate method. The use of barium hydroxide for the neu- 


tralization is technically less convenient and also involves the risk of contamination 
of the histidine fraction with barium which forms an insoluble sulfonate. 
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same Hirsch funnel into a clean filter flask, care being taken that all 
particles of precipitate on the paper are moistened with the acid solution. 
If the filtrate is turbid, it is poured through the filter a second time. The 
silver chloride is then washed three times successively with 250 ml. of hot 
water containing a few drops of hydrochloric acid, being shaken thor- 
oughly each time. The centrifuged wash solutions are likewise decanted 
through the funnel. The silver chloride is set aside for recovery. 

The acid extract, which contains all of the histidine of the protein 
sample, is evaporated to complete dryness in vacuo in a 3 liter flask to 
remove excess of hydrochloric acid. The residue is dissolved in a little 
hot water and, in order to remove the trace of silver chloride which is 
usually present, is transferred quantitatively through a thick pad of 
paper pulp in a 2 inch Hirsch funnel directly into a 500 ml. flask.2 The 
solution is then concentrated in vacuo to small volume and washed quan- 
titatively into a beaker. The final volume should be close to 20 ml. 
If too much wash water has been used, the solution is evaporated on the 
steam bath to this volume. 

Isolation of Histidine Disulfonate—Sufficient 3 ,4-dichlorobenzenesul- 
fonic acid to provide approximately 4 moles for the assumed amount of 
histidine present is added in solid form (6.8 gm. of sulfonic acid dihydrate 
per gm. of histidine), and the solution is warmed until the precipitated 
histidine salt is dissolved. In order to promote the formation of large, 
easily washed crystals, it is best to allow the solution to cool slowly to 
room temperature, before placing the beaker in the refrigerator. The 
solution is chilled for 24 to 40 hours and the crystals are transferred, by 
the repeated use of the cold mother liquor, to a weighed sintered glass 
crucible. This is best accomplished by the use of the filtration apparatus 
equipped with a suitable holder for the crucible. The filtrate is received 
in a small beaker and the entire apparatus is preferably chilled before use. 
After transfer is completed, the crystals are carefully washed with a total 
of from 3 to 5 ml. of a cold 4 per cent solution of the sulfonic acid reagent, 
and are sucked dry. The crucible is wiped and is then dried for a few 
hours in a vacuum desiccator over sulfuric acid. To remove the adhering 
trace of sulfonic acid, the crystals are washed with 30 ml. of ether added 
in three portions and allowed to run through slowly. The crucible is 
finally dried at 105° to constant weight. The factor to convert the weight 
of disulfonate to weight of histidine is 0.2548. 

For the identification of the crystals, reliance has been placed in the 


' For these operations the distillation apparatus described a few years ago (8) 
is very convenient, as it permits the use of ring neck flasks. The filtration is carried 
out in a dome-covered Pyrex distillation apparatus (Central Scientifie Company, 
catalogue No. 12910) with a Hirsch funnel and suction line mounted in a 2-hole 


stopper. 
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present work on the decomposition point and nitrogen content. A judg. 
ment as to the desirability of recrystallization can usually be based upon 
freedom from color, and upon the agreement among the replicate deter. 
minations. In most cases, the samples were colorless and no further 
treatment was attempted. When necessary, recrystallization may be 
carried out by transferring the crystals to a beaker with a spatula and 
dissolving the remaining material with the aid of a little hot water drawn 
through the sintered glass repeatedly. To the hot solution, at a volume 
of 20 ml., 2 gm. of reagent are added and the salt is allowed to crystallize 
in the refrigerator preferably for 24 hours or more, and is filtered, washed, 
and weighed as already described. The average loss during the recrystal- 
lization of somewhat over 1 gm. of the pure salt by this technique was of 
the order of 0.019 gm. 

The mother liquors from which the histidine disulfonate derived from 
hemoglobin has been separated, on being returned to the refrigerator, 
frequently slowly deposit a small quantity of long needles of the ferrous 
salt of the sulfonic acid reagent. Most of the analytical samples of 
histidine disulfonate gave a qualitative test for the presence of ferrous 
iron, but an examination of the ash of a number of the preparations showed 
that the contamination, in general, was of the order of 0.3 per cent on the 
assumption that the ash consisted of ferric oxide and that the contaminant 
was ferrous sulfonate. No correction for this small amount has been 
applied. 

Recovery of Known Amounts of Histidine—Duplicate 1.0 gm. samples 
of histidine dihydrochloride were treated, in a volume of 25 ml. of hot 
water, with 4 moles of 3,4-dichlorobenzenesulfonic acid. After the 
solution had been chilled overnight, 2.6377 and 2.6247 gm. of the disul- 
fonate were collected, the equivalent of 0.6721 and 0.6688 gm. of histi- 
dine respectively instead of 0.6801 gm. taken; 7.¢., recoveries of 98.8 
and 98.3 per cent. 

In order to simulate the conditions encountered in the determination 
of histidine in hydrolysates of approximately 5 gm. of hemoglobin, 2.3989 
gm. of histidine monohydrochloride monohydrate were dissolved in a 
solution that contained the products of hydrolysis of zein that remained 
after the removal of histidine and arginine by precipitation as silver 
compounds. Reagents had been removed and the concentration, with 
respect to amino acids, was adjusted to approximately 10 per cent. With 
the amino acid solution as solvent, the volume was made to 250 ml., 
and 50 ml. aliquots were taken for the determination of histidine. A 
similar solution that contained 2.2907 gm. of histidine monohydrochloride 
was also examined. The data from six analyses carried out on these 


solutions are shown in Table I. The average recovery was 98.4 per cent 
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and it was concluded that this figure might properly be used to correct 
determinations of histidine in hemoglobin carried out under essentially 
similar conditions. It is probable that this factor should be redeter- 
mined if variations in the conditions of the analysis are made, and es- 
pecially if the method is applied to a protein of low histidine yield. 
Histidine of Horse Hemoglobin—A preparation of horse hemoglobin 
made in Professor Cohn’s laboratory and examined some years ago for 
basic amino acids (6) was employed; the earlier figure for histidine, ob- 
tained by the silver precipitation method applied to 200 gm. of the pro- 
tein, was 7.64 per cent. The data of six determinations shown in Table II 
give an average of 7.54 percent. Divided by the factor 0.984, this amounts 


TABLE | 
Recovery of Histidine Added to Hydrolysate of Zein from Which Histidine and 
Arginine Had Previously Been Removed 
Each aliquot represented approximately 5 gm. of zein and contained histidine 
added as the monohydrochloride monohydrate in such amount as to simulate the 
conditions found in hydrolysates of hemoglobin. Blank determinations carried out 


without addition of histidine gave no disulfonate. 


Decomposition Nitrogen of 
Histidine added Histidine found point of disulfonate; 
disulfonate theory 6.90 
gm gm. per cent . per cent 
0.3550 0.3495 98.47 273-274 6.94 
0.3538 99.65 272 6.87 
0.3469 97.74 273-275 6.95 
0. 338S 0.3312 97.77 279-280 6.95 
0.3348 98.83 278-279 6.88 
0.3327 9818 280 6.93 


Average 98.44 


to 7.66 + 0.16 per cent. The close agreement with the earlier result is 
probably less significant than would appear, since the precision of these 
determinations is not all that could be desired. The values were obtained 
during the course of developing the technique, and it is possible that the 
correct value is a little greater than this average. For calculation of the 
data the nitrogen content of dry horse hemoglobin was taken as 16.72 
per cent, based upon the earlier value of 16.69 per cent in dry protein 
that contained 0.64 per cent of ash instead of the theoretical 0.47 per cent. 

Histidine of Human Hemoglobin—Preparations of human hemoglobin, 
each of which had been crystallized three times and subsequently coagu- 
lated in hot water and washed with water, alcohol, and ether, were made 
available through the courtesy of Professor Edwin J. Cohn and of Professor 
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Tasie II 


Histidine Yielded by Hemoglobin 





Decom- | Nitro- 

Weight position | 8¢0 of 

Hemoglobin of Histidine found point of = 
sample disul- — 

fonate “ar 

gm. gm. per cent sc. per cent 

Horse 5.484 0.4119 7.51 278-279) 6.86 
0.4166 7.60 278-279) 6.87 

4.728 0.3610 7.65 277-278) 6.86 

0.3656 7.75 278-279) 6.82 

0.3481 7.38 277-278) 6.86 

0.3469 7.35 277-278) 7.02 


H+ 0.16 
66 + 0.16 


Average 
Corrected average 


~“jI =! 


Human. Cohn preparation +.802 0.3832 7.98 278-280 7.06 
0.3796 7.91 279-280 6.94 
0.3666 (7 .64)* 278-279 6.88 
0.3695 (7.70)* 279-281) 6.87 
5.172 (0.4215)¢ 8.04 278-280 6.76 
0.4130 7.99 278-280 6.78 
0.4135 8.00 276 6.54 
0.4121 7.97 276-277 6.85 
Cannan preparation 5.548 0.4394 7.92 278-279 6.88 
0.4440 8.00 275 6.87 
0.4421 7.97 27: 6.86 
0.4408 7.95 272-273 
1.586 0.3628t 7.92 276-277) 6.89 
0.3656t 7.97 277-278 6.90 
0.36561 7.97 279-280 
0.3623f 7.90 278 6.95 


* Omitted from the mean; see the text. 

t This quantity leads to a histidine value of 8.15 per cent. The specimen was 
found to yield 0.244 per cent of ferric oxide. Assuming that the contaminant was 
ferrous disulfonate, it therefore contained 1.22 per cent of impurity. The percentage 
yield of histidine has accordingly been corrected. 

¢ Although apparently pure, these four samples were recrystallized twice sue- 
cessively. The average loss of weight for the first reerystallization was 0.0417 gm. 
of disulfonate, for the second 0.0196 gm. The percentage yields given refer to the 
histidine disulfonate found after the first reerystallization corrected by 0.0196 gm., 
it being assumed that the difference (0.0221 gm.) represents impurities (e.g. ferrous 
salt) removed by this step. The average yield of histidine calculated from the cor- 
rected results after one recrystallization was 7.94 per cent; that calculated after two 
recrystallizations and corrected a second time was likewise 7.94 per cent. The 
decomposition points and nitrogen determinations refer to the preparations after 


two recrystallizations. 
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TasBLe I1—Concluded 


Decom- —— 

Weight Peers position | “Fieul 
Hemoglobin of Histidine found point of Senate: 
sample disul- theory 


fonate 6.90 


gm. gm. per cent Pies per cent 
Average (6 determinations, Cohn 
preparation) 7.98 + 0.04 | 
Corrected average 8.11 + 0.04 | 
Average (8 determinations, Can- 
nan preparation) ; 7.95 + 0.04 
Corrected average ..... : 8.08 + 0.04 | 
Average (14 determinations, both | 
preparations) 7.96 + 0.04 | 
Corrected average 8.09 + 0.04 | 
Sheep 5.592 0.4070 7.30 277-279| 6.76 
0.4036 7.24 277-278 6.80 
Average ri 7.27 
Corrected average....... 7.38 


R. K. Cannan. The methods employed for crystallization were entirely 
different in the two cases. Cohn’s preparation contained 15.05 per cent 
of nitrogen, 11.35 per cent of moisture, and 0.33 per cent of ash (0.37 
per cent corrected for moisture). The nitrogen content of the dry ma- 
terial was therefore 17.00 per cent if no allowance is made for the slight 
deficiency of ash from the theoretical 0.47 per cent. Cannan’s sample 
contained 15.62 per cent of nitrogen, 8.15 per cent of moisture, and 0.41 
per cent of ash (0.45 per cent corrected for moisture), or 16.90 per cent of 
nitrogen on the same basis. It is possible that the slightly low proportion 
of ash in each case was due to loss of a little heme during the coagulation 
and washing operations. For purposes of calculation, the nitrogen content 
of dry human hemoglobin was taken as the average of the two preparations, 
16.95 per cent, without further correction for the ash content. 

Data from four separate sets of four determinations each are shown in 
Table II. A statistical analysis of the sixteen values taken in pairs was 
made by Dr. C. I. Bliss of this Station, which showed that the second 
pair of analyses of Cohn’s sample should be eliminated in computing the 
mean. The average of the fourteen acceptable values is 7.96 per cent, 
which, divided by the factor 0.984, gives 8.09 + 0.04 per cent as the most 
probable value for the histidine yielded by these preparations of human 
hemoglobin. It was found necessary to correct one determination for 
contamination with iron (see foot-note to Table II), since analysis showed 
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the presence of a significant proportion of ferrie oxide ash in the specimen, 
The last four values illustrate the effect of reerystallization of the dj. 
sulfonate and of correction for loss in this operation. 

Histidine of Sheep Hemoglobin—A preparation made by Professor A. 
White in 1933 (9) was found to contain 15.60 per cent of nitrogen, 6.58 
per cent of moisture, and 0.72 per cent of ash. The nitrogen content 
of the dry protein calculated with a theoretical ash content of 0.47 per 
cent was therefore 16.85 per cent. A previous analysis by Professor 
White gave 16.83 per cent. 

Owing to the limited quantity of protein available, only one pair of 
histidine determinations was carried out, the balance of the hydrolysate 
being used for the determination of arginine. The results shown in 
Table II lead to a corrected value of 7.38 per cent for the histidine yielded 
by this hemoglobin. 


TaB_e III 
Histidine Yielded by Edestin 


7 —_ " ; rr te Decomposition Nitrogen of 
Weight of sample Histidine found point of disulfonate disulfonate 
gm. cm per cent C. per cent 
$.416 0.1149 2.60 278-279 6.93 
0.1154 2.62 277-278 6.93 
1.719 0.1223 2.59 279-280 6.99 
0). 1247 2.64 278-280 6.94 
0.1249 2.65 280 6.9] 
0.1285 2.72 277-278 6.70 
Average 2.64 + 0.05 


Histidine of Edestin—Preliminary experiments were carried out with 
edestin, these being chiefly in connection with controls on the technique, 
The results are given here only to illustrate the reproducibility but with 
reservation as to the accuracy. The data from six analyses are shown in 
Table III but, although the decomposition points and nitrogen values are 
satisfactory, all of the preparations were dark in color and a moderate 
proportion of impurity was doubtless present. No arginine could be 
detected by means of flavianic acid in the mother liquors from which these 
preparations of histidine salt had been crystallized, and the separation of 
histidine from arginine had accordingly been successful in these particular 
cases. In a few other tests, however, arginine was detected in small 
amounts, presumably because the reaction had inadvertently been carried 
a little too far to the alkaline side during the precipitation of the silver 
compound. Contamination with arginine renders it difficult to obtain a 
pure preparation of the histidine salt under analytical conditions. 
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The factor by which the result of a determination of histidine in a 
protein that yields only a small proportion of this amino acid should be 
corrected was not determined and no correction has been applied to these 
data. ‘The histidine salt was crystallized from a smaller volume than that 
employed in the hemoglobin analyses, but suitable general conditions for 
analyses of this type remain to be established. 

The present result is considerably higher than the value of 2.08 per cent 
obtained some years ago in this laboratory by the large scale silver pre- 
cipitation method (10). This early value has been confirmed by small 
scale silver precipitation methods both by Tristram (11) and by Block 
(12), but there is good reason to believe that it is appreciably too low. 
Chibnall? has recently obtained the value 2.41 per cent in an extremely 
careful analysis and there seems some likelihood that further study of the 
application of the present method to proteins of low histidine content may 
reconcile this discrepancy. 

Arginine of Hemoglobin—The determination by the diflavianate pro- 
cedure (7) of arginine yielded by hemoglobin is especially difficult, because, 
if sufficient flavianic acid is added to provide for an adequate excess of 
reagent, an appreciable quantity of histidine diflavianate is precipitated 
with the arginine salt. Accordingly two and possibly more recrystalliza- 
tions of the arginine monoflavianate may be required in order to eliminate 
contamination. Analysis of Cohn’s preparation of human hemoglobin 
gave three values of 4.22, 4.22, and 4.20 per cent of arginine; a composite 
sample of the monoflavianate from these determinations contained 6.54 
per cent of sulfur (theory 6.56 per cent). The average of 4.21 per cent is 
therefore the most probable value for the arginine yielded by this protein. 

Duplicate determinations on sheep hemoglobin gave 3.92 and 3.87 
per cent of arginine after three recrystallizations of the arginine mono- 
favianate. The sulfur content of a composite sample of the monoflavian- 
ate was 6.62 per cent. 

DISCUSSION 

The results of the present analyses, together with a recent determination 
of arginine yielded by the same sample of horse hemoglobin (7), are col- 
lected in Table IV. It is clear that there are differences in the basic 
amino acid composition of these hemoglobins and the present evidence is 
thus in accordance with earlier data for sulfur content as well as, for 
example, with the crystallographic data of Reichert and Brown (13) and 
the spectrographic data of Winegarden and Borsook (14). 

That the hemoglobins of different species differ in chemical composition 
from each other has long been known. Zinoffsky (15) determined the 


> Personal communication; Chibnall’s data are shortly to be published. 
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iron and sulfur content of horse hemoglobin in 1886 and Jaquet (16), q 
little later, that of the dog and the hen with great accuracy. Although 
the iron content appeared to be uniform, there were considerable differ. 
ences in the sulfur. Gamgee (17) in 1898 reviewed all available data on 
these and other hemoglobins and pointed out that “there is such a difference 
in the ratio of S:Fe in the haemoglobin of certain animals as renders it , ,. 
certain that ...the albuminous moiety of the complex molecule differs,” 
In recent years, the iron and sulfur content of a number of hemoglobins, 
including that of man, has been reexamined by a group of Hungarian 
investigators (18) with complete confirmation of the early workers. 

The extraordinary uniformity in the iron content of the hemoglobins 
of different species, namely 0.335 per cent with variation of only a few 
units in the third decimal place, establishes the minimal molecular weight 
of these proteins as a little less than 16,700. Studies of the osmotic 
pressure (19) and of the sedimentation constant (20) have shown that the 


TABLE IV 


Irginine and Histidine Yielded by Hemoglobins | 


Arginine Histidine 
Hemoglobin Horse Human Sheep Horse | Human | Sheep 
% of protein 3.59 4.21 3.89 7.66 8.09 7.38 
N as % of protein N 6.91 7.99 7.43 | 12.4 12.9 11.9 
Moles X 10°5 per gm 20.6 24.2 22.4 19.4 §2.1 47.6 
per 66,700 gm. Calculated 13.8 16.1 14.9 32.9 34.8 31.7 
Nearest integer 14 16 15 33 35 32 





true molecular weight of the anhydrous hemoglobins of several species 
must be 4 times this quantity; 7.e., close to 66,700. The molecular weight 
of few if any proteins is known with so high a degree of accuracy. 
Gamgee’s inference with respect to the sulfur of hemoglobins has been 
confirmed by the demonstration in this laboratory (9) of differences in 
cystine content in the hemoglobins of the horse, sheep, and dog, and more 
recently by Beach and coworkers (21) and by Kuhn, Birkofer, and Quack- 
enbush, who have extended the observations to methionine as well, in the 
‘ase of a number of globins. On the other hand, close similarities with 
respect to the proportions of the basic amino acids and of tyrosine, trypto- 
phane, and phenylalanine yielded by the hemoglobins of the horse, sheep, 
ox, and dog have been reported by Block (23), although the analytical 
results for the basic amino acids were admittedly “only approximate” (24). 
The data in Table IV not only indicate that the arginine and histidine 
contents of the three hemoglobins studied differ from each other but suggest 
that the plan or pattern of the distribution of the basic amino acids in the | 
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molecules of these proteins may also be different. Too little is known at 
the present time regarding the details of protein constitution to discuss 
this conclusion with profit, but it would seem that if the distribution of the 
basic amino acids, that is of the positively charged groups of the protein 
molecule, has anything to do with the function of hemoglobin in the 
animal, the structural problem involved in providing for this function 
has been solved in somewhat different ways in different species. 


SUMMARY 


Advantage is taken of the insolubility of the salt that histidine forms 
with 2 molecules of 3,4-dichlorobenzenesulfonic acid to determine the 
histidine vielded by the hemoglobins of man, and of the horse and sheep, 
and a suitable technique for the analysis is described. Human hemo- 
globin was found to yield 8.09 + 0.04 per cent, that of the horse 7.66 + 
0.16 per cent, and that of the sheep close to 7.38 per cent of histidine. 
If it be assumed, from their uniform iron content, that these proteins 
possess approximately the same molecular weight, namely 66,700, the 
figures correspond closely to the presence, respectively, of 35, 33, and 32 
histidine residues per molecule of hemoglobin. 

Determinations of arginine indicated that human hemoglobin yields 
4.21 per cent and that of the sheep 3.89 per cent. On the same assumption 
regarding molecular weight, human, horse, and sheep hemoglobins accord- 
ingly contain close to 16, 14, and 15 arginine residues respectively per 
molecule. The results are interpreted to indicate that these three hemo- 
globins differ with respect to the proportions, and possibly also with 
respect to the arrangement of these basic groups in the molecule. 

Preliminary data on the histidine yielded by edestin suggest that this 
globulin yields approximately 2.6 per cent of histidine. This figure is 
subject to later correction. 


Grateful acknowledgment is made to Professor Edwin J. Cohn and 
Dr. Allan C. Batchelder of Harvard Medical School for a preparation of 
human hemoglobin crystallized by a new process, and to Professor R. K. 
Cannan of New York University College of Medicine for another crystal- 
lized sample of the same protein; also to Professor A. White of Yale 
University for a sample of crystallized sheep hemoglobin and to Dr. C, I. 
Bliss for statistical examination of the data for human hemoglobin. 
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SOME FACTORS THAT AFFECT THE MICROBIOLOGICAL 
METHOD FOR RIBOFLAVIN 


By M. I. WEGNER, A. R. KEMMERER, ano G. 8. FRAPS 


(From the Division of Chemistry, Texas Agricultural Experiment Station, 
College Station) 


(Received for publication, June 8, 1942) 


Considerable difficulty has been experienced in obtaining the correct 
riboflavin values for wheat flours by the Snell and Strong (1) microbiologi- 
eal method in this and in other laboratories (2). The values obtained are 
too high, especially when the flour extract is assayed at a low level. Ac- 
cording to Bauernfeind, Sotier, and Boruff (3) fatty acids stimulate the 
action of Lactobacillus casei and the method can be improved by extracting 
the sample with ether. Andrews, Boyd, and Terry (4) and Scott, Randall, 
and Hessel (5) have observed that treatment of whole wheat flour extracts 
with taka-diastase removes, to a large extent, the factors which affect the 
assay. The possibility presented itself that the difficulty might be due to a 
deficiency of the basal medium and that by adding riboflavin-free extracts 
prepared from cereal grains these discrepancies could be avoided. Experi- 
ments accordingly were performed to investigate this possibility. 


Preparation of Material 


Extracts of whole wheat flour, of rice, and of wheat bran were prepared 
by autoclaving these materials in 0.1 nN HCl for 15 minutes at 15 pounds 
pressure. 15 ml. of acid were used per gm. of sample. The samples were 
centrifuged and the residue washed twice with small amounts of water. 

In order to destroy the riboflavin, whole wheat flour extracts were 
adjusted to pH 11.0 with 1 nN NaOH and photolyzed by exposure at ap- 
proximately 33° to a 100 watt Mazda light bulb at a distance of 1 foot 
for 6 or 24 hours. The effect of alkalinity alone was also determined by 
adjusting the pH of the extract to 11.0 and placing the extract in the dark 
for the same period of time. 

Some of the alkaline-photolyzed preparations were extracted with ether. 
For this operation the pH was adjusted to 3.0 and the solution (approxi- 
mately 75 ml.) was shaken four times in a wide mouth bottle with 20 ml. 
of alcohol-free ethyl ether and about 5 ml. of petroleum ether. The 
petroleum ether was added to facilitate the separation of the two layers. 
The solution was centrifuged for a few minutes. The ether layer was 
drawn off with a pipette, evaporated to dryness in vacuo, and the residue 
suspended in water. Untreated acid extracts of whole wheat flour were 
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extracted with ether in a like manner. These extractions were carried out 
on the centrifuged extracts without pH adjustment (pH 1.2 to 1.4). 

Concentrated extracts of rice and of wheat bran were prepared by ad- 
justing the pH of the original acid extract to 6.7, passing the extract 
through a column of florisil to remove riboflavin, and concentrating the 
filtrate in vacuo. 

The effect of taka-diastase and papain was also determined. An acid 
extract of 5 gm. of whole wheat flour in 75 ml. of solution was adjusted to 
pH 5.0 and 0.1 gm. of taka-diastase and 0.1 gm. of papain were added, 
Then the solution was allowed to stand overnight under toluene at a 
temperature of 37°. 

The extracts were adjusted to pH 6.6 to 6.8 and added to assay tubes 
prepared according to the usual method (2), containing definite amounts 
of riboflavin. Then the tubes were incubated and titrated. Titration 
values are reported in ml. of 0.1 N acid produced by Lactobacillus casei in 
72 hours incubation, at 37°. 


Results 


The results of the addition of various extracts are presented in Table I, 
Alkaline-photolyzed whole wheat flour extracts, devoid of riboflavin, caused 
a large increase in acid production when added to tubes containing ribo- 
flavin. Thus assay tubes containing photolyzed extract equivalent to 
50 mg. of whole wheat flour and 0.05 y of riboflavin produced 6.6 ml. of 
0.1 N acid, while tubes with the equivalent amount of flour, as an untreated 
extract containing 0.05 to 0.07 y of riboflavin, produced only 2.7 ml. The 
response was more exaggerated with 0.05 y than with 0.2 y of riboflavin, 
and was greater with 24 hours exposure to light and alkali than with 
6 hours. Material removed by ether extraction stimulated acid production 
but the enhancing value of the photolyzed solution was reduced only 
slightly by the extraction with ether. An alkalinized extract which con- 
tained some riboflavin exerted a smaller stimulating effect than an alkaline- 
photolyzed solution. It appears then that photolysis at pH 11.0 produces 
substances that stimulate the acid production of Lactobacillus casez. 

Wheat flour extracts which had been passed through florisil at pH 6.7 
to remove the riboflavin did not contain the substance activated by 
photolysis but did contain a factor which exerts some stimulation. This 
was shown when extracts equivalent to 100 mg. of flour, passed through the 
florisil, gave a response of 3.0 ml. of acid when added to 0.05 y of riboflavin, 
whether photolyzed or not. 

Concentrated extracts of rice bran, wheat bran, or whole wheat flour 


passed through florisil to remove the riboflavin and then added to assay 
tubes containing 1.0 y of riboflavin were found to produce up to 20.6 ml. 
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of 0.1 N acid, which is well beyond the amount of 9 to 10 ml., previously 
considered the maximum. The effect of adding various amounts of a 
riboflavin-free concentrate of rice bran to different levels of riboflavin was 
observed. Increasing the amount of concentrate from 20 to 200 mg. 
equivalents of rice bran at the 0.05 y level increased the titration from 2.5 


TABLE [ 


Stimulation of Acid Production by Various Additions 


Substance Acid (0.1 N) produced 
equiva- 
lent per 
tube 0.00 y 0.05 0.20 y 1.0 y* 
me mil. ml mi. mil. 
Standard riboflavin 0 0.0 1.8 Pe 9.8 
Whole wheat flour extract 
No treatment 50 2.7 
‘ = 500 16.4 
Ether extract 50 0.0 2.6 7.0 
i is 200 0.0 3.6 8.1 
Alkaline-photolyzed 24 hrs. 50 0.0 6.6 8.0 12.7 
s a 200 0.0 6.2 s.0 13.3 
Ether-extracted photolyzed solution 50 0.0 6.2 1.2 
" “4 200 0.0 1.8 7.9 
Ether extract of " - 50 0.0 2.2 6.5 
sia ¥ ™ ’ 200 0.0 2.4 7.4 
Alkaline-photolyzed 6 hrs 50 0.0 $.1 
Alkalinized 24 hrs. 50 5.6 
i 200 5.3 5.8 
Florisil filtrate 100 0.0 3.0 
- photolyzed 24 hrs. ; 100 0.0 3.1 
tice bran extract 20 0.0 2.5 8.6 
ve 200 0.2 6.2 9.4 
500 0.4 6.9 15.9 
+ 50 mg. photolyzed flour 
extract 5OO 0.4 6.6 
Rice bran extract + 125 mg. photolyzed flour 
extract 5OO 0.4 6.0 
Wheat bran extract 500 20.6 
Pyridine 25 $.5 
100 1.6 


* 100 mg. of dextrose were added to each tube. 


to 6.2 ml. of 0.1 N NaOH and at the 0.2 y level from 8.6 to 9.4 ml. of 
0.1 N NaOH. The addition of 500 mg. equivalents at the 0.05 y level 
produced a titration of 6.9 ml. 

Addition of pyridine increased the production of acid, suggesting that 
substances containing this ring structure stimulate acid production or 
possibly were deficient in the medium used. 
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In Table II are shown the effects of treating the extracts with taka. 
diastase and papain on the parts per million of riboflavin estimated from 
the titrations. The calculated riboflavin ranged from 1.30 to 1.68 parts 
per million on the untreated samples, while with the enzyme it had 
wider range of from 1.08 to 1.76. The treatment with the enzyme did not 
improve the results. 


TaBLe II 
Effect of Taka-diastase and Papain Treatment on Riboflavin Assay of Whole Wheat 
Flour 
Riboflavin 
Substance equivalent per tube 
No treatment Enzyme treatment 
meg. p.p.m. p.p.m 
5O 1.68 1.76 
100 1.70 1.50 
150 1.30 1.08 
Mean 1.56 1.45 
DISCUSSION 


The above experiments show quite definitely that the addition to the 
basal medium of riboflavin-free extracts prepared from whole wheat flour, 
wheat bran, and rice bran does not eliminate the difficulties encountered in 
riboflavin assays of these materials. The addition of alkaline-photolyzed 
whole wheat flour extracts stimulated the bacteria more at low level's of 
riboflavin than at high levels. If the extracts were added to the basal 
medium, the resulting standard curve would have a decreased slope in its 
usable range and a small change in titration value would produce a large 
change in riboflavin value. The addition of rice or wheat bran concen- 
trates to the basal medium is not feasible, since the extent of stimulation 
at a given level of riboflavin did not become constant until the equivalent 
of approximately 500 mg. of sample was added per tube (Table I). At this 
point the type of standard curve was no longer linear. 

The ability of rice and wheat bran concentrates to stimulate acid pro- 
duction is possibly due to the same substance reported by Clarke et al. (6) 
which caused increased acid production in the pantothenic acid assay. 
However, their results failed to show its presence in wheat flour. The 
difference might be due to the fact that acid extracts were used in our 
laboratories instead of water extracts. 

While alkaline-photolyzed whole wheat flour extracts produce effects 
similar to those of rice and wheat bran, we do not believe the same factor 
or factors are involved. This conclusion is based on the fact that bran 
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extracts retain their stimulating effect on being passed through a column 
of florisil, while wheat flour extracts receiving this treatment are not 
activated by alkaline photolysis. However, the effects of the two dif- 
ferent extracts are not additive, suggesting that the same mechanism 
might be involved. 


SUMMARY 


1. Alkaline photolysis of whole wheat flour extracts produces a factor, or 
factors, which stimulates acid production by Lactobacillus casei in the 
microbiological method for riboflavin. The addition of such extract to 
the basal medium does not remedy the difficulties experienced in obtaining 
the true riboflavin values of cereal products. 

2. Rice bran, wheat bran, and whole wheat flour contain a substance 
other than riboflavin and different from that mentioned above which is 
capable of stimulating acid production by Lactobacillus casei well above 
the present maximum. Addition of these extracts to the basal medium 
is not feasible, owing to inability to standardize the response when the 
extracts are present in the medium and to obtain a usable curve. 

3. Treatment of whole wheat flour extracts with taka-diastase and 
papain does not destroy the stimulating factors. 
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THERMODYNAMIC PROPERTIES OF SOLUTIONS OF 
AMINO ACIDS AND RELATED SUBSTANCES 
VII. THE IONIZATION OF SOME HYDROXYAMINO ACIDS AND 
PROLINE IN AQUEOUS SOLUTION FROM ONE TO FIFTY 
DEGREES* 


By PAUL K. SMITH, ALICE T. GORHAM, ano ELIZABETH R. B. SMITH 


From the Laboratories of Physiology and of Pharmacology, Yale Universily School of 
Vedicine, New Haven) 


Received for publication, May 22, 1942) 


The present paper is a continuation of earlier studies on the effect of 
temperature on the thermodynamic ionization constants of amino acids 
(6,5, 8). It ineludes measurements of solutions of dl-serine, dl-threonine, 
d-allothreonine, l-hydroxyproline, and /-proline. 


Methods and Materials 


The amino acids were commercial synthetic or natural products. The 
solubility determinations were made by equilibrating successive small 
portions of solvent with a relatively large quantity of amino acid in a con- 
stant temperature bath and determining the quantity of solute in the fil- 
trate by drying to constant weight. Purity is indicated by the constant 
solubility of successive fractions. The amino acids were dried to constant 
weight over phosphorus pentoxide. 

The serine was from the same lot used in an earlier investigation (7). 
The threonine, allothreonine, hydroxyproline, and proline were purchased 
from the Department of Chemistry, University of Illinois. They were 
recrystallized from water, alcohol, or mixtures of the two. 

dl-Serine—Solubility, 51.6 and 51.4 gm. per 1000 gm. of water. 

dl-Threonine— Solubility, 201.1 and 201.6 gm. per 1000 gm. of water. 
From an approximate determination of the density of the saturated solu- 
tion the solubility was calculated to be 17.6 gm. per 100 ee. of solution, a 
value appreciably lower than the 20.1 gm. per 100 ee. of solution given 
by West and Carter (10) and the value of 19.0 gm. per 100 ce. of solution 
calculated from the data of Edsall (1). 

dl-Allothreonine Solubility, 127.9, 126.5, and 126.9 gm. per 1000 gm. 
of water. The solubility was calculated to be 11.7 gm. per 100 ec. of solu- 
tion, appreciably lower than the value of 13.9 gm. per 100 ec. of solution 
found by West and Carter (10). The reason for the lower values for the 

* Aided by a grant from the Fluid Research Fund of Yale University School of 


Medicine. 
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solubilities of threonine and allothreonine is not apparent but may be asso- 
ciated with the difficulty encountered in getting fractions of constant solu- 
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bility, several recrystallizations being necessary. 
~ e . 


Experimental Data Used in Determining First Acid Ionization Constant of Amino 


Molality 


Amino acid 


0.03114 
0.03977 
0.08418 
0.08728 
0.1176 

0.03972 
0.05046 


0.03226 
0.03383 
0.03178 
0.03246 
0.03556 
0.04693 
0.05893 
0.08890 


0.03221 
0.03196 
0.03811 
0.04195 
0.03965 
0.04146 
0.04648 


0.03167 
0.03064 
0.04116 
0.04039 
0.05572 
0.07040 


— 


0.08642 


0 


HCl 


.01756 


02138 


.04610 


OASSS 
06479 


.02238 


02645 


01751 
O1785 
01789 
01831 
01997 
02702 
03300 
04755 


01736 
O1864 
02235 
02144 
02240 
02239 
02629 


OL7S88 
01777 
02178 
02210 
03113 
04120 
04731 


0.4681 
0.4638 
0.4432 
0.4407 
0.4347 
0.4614 
0.4587 


0.4657 
0.4659 


0.4470 
0.4386 


TABLE | 


Acids 


Observed E, corrected to 1 atmosphere H: at 


12.5° 
dl-Serine 


0.4696 
0.4651 
0.4431 
0.4410 
0.4340 
0.4620 
0.4593 


~ 


dl-Threonine 


0.4671 
0.4669 
0.4652 


0.4770 
0.4380 


dl-Allothreonine 


0.4651 
0.4611 
0.4557 
0.4602 
0.4566 


0.4519 
l 


0.4547 
0.4543 


0.4487 


0.4278 
0.4256 


0.4675 
0.4633 
0.4576 
0.4624 
0.4583 


0.4536 
-Hydroxyproline 
0.4565 


0.4562 


0.4500 
0.4382 
0.4283 
0.4258 


25.0° 


0.4710 
0.4658 
0.4426 
0.4400 
0.4328 
0.4629 
0.4599 


0.4669 
0.4658 
0.4632 
0.4530 
0.4469 


0.4695 
0.4654 
0.4595 
0.4642 
0.4598 
0.4612 
0.4545 


0.4581 
0.4574 
0.4524 
0.4512 
0.4389 
0.4282 
0).4259 


0. 


0 
0 
0 
0 
0 
0 


0 
0 
0 
0 


0 
0 


0 
0 
0 
0 


37.5° 


4714 
4660 
4417 
4394 
4318 
4634 
4601 


4680 
1667 
4640 
1530 


4709 
4663 
$655 
4607 
$622 


$552 


{588 


4519 


.4392 


4278 


$255 


50.0° 


0.4721 


0.4657 
0.4411 
0).4380 
0.4303 
0.4632 
0.4598 


0.4683 
0.4672 
0.4642 
0.4528 


0.4718 
0.4671 


0.4661 
0.4612 
0.4626 
0.4555 


0.4590 


0.4530 
0.4521 
0.4386 
0.4266 
0.4241 
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TaBLeE I—Concluded 


Molality Observed E, corrected to 1 atmosphere H: at 
Aminoacid | HCI 1.0° 2s | 20° | 375° 50.0° 
l-Proline 

0.02878 0.01909 0.4564 | 0.4576 | 0.4584 
0.03943 0.02148 0.4528 0.4545 0.4566 | 

0.03887 0.02361 0.4490 0.4508 | 0.4518 0.4525 
0.04808 0.02551 0.4515 | 0.4525 0.4532 
0.04574 0.02751 0.4458 0.4467 0.4471 
0.07064 0.04060 0.4347 0.4352 0.4350 
0.08455 0.04787 0.4289 0.4294 0.4300 0.4302 0.4303 
0.11340 0.06130 0.4236 0.4237 0.4241 0.4241 0.4240 


-Hydroxryproline—Solubility, 379.0, 378.1, and 379.5 gm. per 1000 gm. 
of water. This is an appreciably higher value than that of 361.1 gm. per 
1000 gm. of water found by Tomiyama and Schmidt (9). 

l-Proline—Solubility in approximately 95 per cent ethyl alcohol, 146.1, 
144.9, and 145.1 gm. per 1000 gm. of solvent. 

The hydrochloric acid was prepared from the constant boiling mixture. 
The sodium hydroxide was prepared by adding a centrifuged 50 per cent 
solution to freshly boiled distilled water. Almost identical values were 
obtained by standardization against potassium acid phthalate and against 
the hydrochloric acid solution. The sodium chloride solution was pre- 
pared from a purified sample that had been dried by heating in a platinum 
crucible. The electrodes were prepared and the cells were filled as de- 
scribed in an earlier report (8). 


RESULTS AND DISCUSSION 


For the first acid constant buffer solutions of amino acid and hydro- 
chloric acid were measured in cells without liquid junction whose electro- 
motive force is related to the first acid ionization constant of the amino 
acid by the equation 


YHAH+ _ (E — Ey)nF Moy — My (1) 


IK, — log +log m+ log yy.¥-). + lo 
_ 2.303RT ec B YH ems = My + mys 


YH* YHA* 

where A represents the amino acid in all forms. Values for pK, are the 
intercepts at 0 ionic strength obtained from a plot of the right-hand side 
of Equation 1 against the ionic strength. For the second acid constant 
buffer solutions of amino acid, sodium hydroxide, and sodium chloride 
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LONIZATION 


OF AMINO 


TaB.e II 


ACIDS 


Experimental Data Used in Determining Second Acid Ionization Constant of 


Amino acid 


01622 
02018 
02287 
03223 
06125 
05952 


06026 


O1S51 
01506 
02051 
O1L954 
02325 
(4837 
(4365 
02132 
06177 


O1558 
014335 
OLS49 
O2519 
01971 


01649 
01565 
OLSSO 
02590 
O3010 
03918 


02604 
O2462 
02063 
(4351 
O4AZSS 


Molality 


NaOH 


0.00795 
0.01141 
0.01293 
0.01534 
0.03090 
0.03119 
0.03187 


0.00798 
0.00753 
0.00972 
0.010438 
0.01274 
0.02317 
0.02295 
0.01155 
0.03120 


0.00823 
0.00822 
0.01049 
0.01307 
0.01050 


0.00870 
0. OOSSO 
0.01055 
0.01426 
0.01638 
0.02326 


0.01277 
0.01289 
0.01635 
().02322 


0.02354 


NaCl 


OOT06 
01001 
01225 
OL482 
020908 
03108 
O314S 


0.00791 
0 OO9LS 
0.00936 
01036 
0.012M4 
0.02182 
0.02211 
0.03374 
0.03084 


0. 00683 
0. OOSO02 
0.01046 
0.01207 
0.03497 


0.00776 
OOSLO 
OLO19 
01165 
OL514 
02181 


0.01221 
0.O11S4 
0.01547 
0.02191 
0.02171 


Amino Acids 


Observed E, corrected to 1 atmosphere Hz at 


1.0° | 12.5 


dl-Serine 


0.8893 0.8914 
0. S882 0.8903 
0). S837 0. S856 
0. S707 0.8721 
0.8568 0.8573 
0. S583 0. SS5S6 
0. S582 0). S5SSS 


dl-Threonine 


0. SS26 0 SS48S 
0.8773 0). 8795 
0.8748 0. S768 
0.8779 0.8800 
0.8747 0). 8766 
0.8563 

0.8601 0.8613 
0.8516 0.8526 
0.8509 0.8516 


dl-Allothreonine 


0. SSSI O SSOU 
0. SSS4 0. S903 
0. S820 0.8836 
0.8736 0.8750 
0. S498 0.8501 


l Hydroxyproline 


0.9118 0.9167 

0.9188 
0.9090 0.9138 
0.9049 0.9095 
0. S985 0.9029 
0.8948 0.899] 


l-Proline 


0.9530 0.9582 
0.9564 0.9616 
0.9530 0.9581 
0.9440 Q O47 
0.9453 0.9500 


0 
0 
0 


25.0 


8930 
8917 
SSOO 
8720 
S574 
S5SSS 


SOST 


S867 
S12 
SOR2 
SS16 
S782 
S579 
8621 
8530 
8520 


SOLS 
RO17 
SS4S 
875S 


R497 


9218 
9238 
Q1S85 
9148 
O07 2 
9032 


O28 
OOO4 
WS 
53 1 


0544 


0 
0 
0 
0 
0 


SO38 
8926 
SA75 
8732 
S565 
SDSS 
8579 


RSS] 
8824 
S792 
8827 
S790 
S585 
8623 
$527 


S513 


8923 
S026 
SS52 
S760 


S489 


9259 
9279 
9225 
QIN] 
9108 
064 


O64 
700 
YOHO3 
O61 


9574 


) 


) 
0 
) 
) 


50.0° 


8940 
8930 
S873 
8732 
8551 
8571 
S568 


R&XO 
8832 
SSO] 
8833 
8796 
8573 
8623 
8519 
8509 


S929 
8929 
SS50 
S754 
S477 


Q287 
9314 
9256 
9212 
9136 
9091 


9692 
9726 
QOSY 
Q585 


9595 
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Fic. 1. A plot of the right-hand side of Equation 1 against the ionic strength. 
The intercept at 0 ionie strength is py, at 25°. Curve | represents dl-serine; Curve 
2 di-threonine; Curve 3, dl-allothreonine; Curve 4, l-hydroxyproline; Curve 5, l-pro- 
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Fic. 2. A plot of the right-hand side of Equation 2 against the ionie strength. 
The intercept at 0 ionic strength is pKe, at 25°. Curve | represents dl-serine; Curve 
2, dl-threonine; Curve 3, dl-allothreonine; Curve 4, l-hydroxyproline; Curve 5, l-pro- 


line 
were measured in a cell whose clectromotive force is related to the second 


ionization constant of the amino acid by the equation 


Ko +1 YA (E — Eo)nF my — ™nron + ™on- (2) 
p \ - 10g = ie 


YHA*TC! 


+ log m;4. + log 
9 203 RT Mia = © 
« JOON NaOH OH 
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Values for pK, are the intercepts at 0 ionic strength obtained from a plot 
of the right-hand side of Equation 2 against the ionic strength. Details 


Thermodynamic Functions for Ionization of 


pk, 


AF, 
AH, 
AS; 


phy, 


AF 
SH 
\S 


phy 


AF, 
AH, 
AS 


pk, 


AF 
SH 


AS 


ply, 


AF 
AH 
AS; 


* ph calculated by the equation of Harned and Embree 


of the calculations and the assumptions necessary are given 


paper (8). 


1.0° 


200 
104 


to ty 


Q7r9 


1823 


178 
180 


1.900 
1. S807 


2.011 
2.004 


12.5 


TABLE 


III 


25.0° 
dl-Serine 
232 2.186 
234 2.184 
2080 
1366 
2 —5.4 


dl-Threonine 


9 
9 
2796 


1549 


!-Hydroxyproline 


l 
I 
2420 
1310 


>] 


l 
l 


2574 


ai 


780 
6 


132 
140 


S50 


851 


9 


2 
2 
2871 
77 


») 
‘ 


l 
l 
2476 


O18 


l-Proline 


964 
970 


3 


l 

l 
2663 
342 


‘ 


OSS 
096 


10S 
105 


SIS 
S15 


952 


952 


s 


375° 


O39 


FOR 


‘- 


to to 


2070 


287 


2552 
146 
—6 


l 
l 


2770 


—18] 


= 


3) 


154 
150 


O70 
O68 


090 
OSY 


6 


708 
796 


QR 


950 
949 


5 


Hydroxyamino Acids and Proline 


50.0° 
132 


2 
2.132 


055 
062 


to bo 


3048 
19] 


O86 
OSS 


to bo 


3088 
— 287 


—10.4 


1.786 
789 


_ 


2624 
—115 
—-8§.5 


1.958 
1.960 
2898 
—746 
—11.3 


in an earlier 
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Tables I and II include the compositions of the solutions and the ob- 
grved potentials. Figs. 1 and 2 illustrate the results obtained at 25°. A 


TABLE IV 


Thermodynamic Functions for Ionization of Hydroxyamino Acids and Proline 


1.0° 12.5° 25.0° | 37.5° 50° 


dl-Serine 


pk, 9.880 9.542 9.208 8.904 8.628 
ee 9.878 9.543 9.205 8.903 8.630 

AF, 12380 12480 12550 12660 12750 

AH, 10450 10490 10405 10200 9840 

AS, —7.0 —6.9 —7.2 —7.9 —9.1 


dl-Threonine 


pKe 9.748 9.420 9.100 8.812 8.548 
eles 9.747 9.422 9.100 8.810 8.550 
AF 12260 12315 12410 12520 12640 
AH, 10075 10085 9960 9712 9320 
AS, —8.0 —7.8 —8.2 —9.0 —10.3 


dl-Allothreonine 


pK. 9.774 9.432 9.096 8.796 8.520 
“ 4 9 769 9 439 9 096 8.795 8.522 

AF, 12250 12535 12400 124% 12600 

AH» 10430 10465 10380 10150 9800 

AS, 6.6 7.2 —6.8 —7.5 —8.7 

l-Hydroxyproline 

pk 10.274 9.958 9.662 9.394 9.138 
se 10.273 9 964 9.660 9.388 9.146 

AF 12880 13020 13160 13350 13525 

AH, 9585 9543 9385 9080 8635 

AS, —12.0 -12.2 —12.7 —13.7 —15.1 

l-Proline 

ph» 11.296 10.972 10.640 10.342 10.064 
= 11.305 10.973 10.640 10.338 10.069 

AF, 14175 14340 14510 14660 14890 

AH, 10360 10400 10310 10085 9715 

AS; —13.9 —13.8 —14.1 —14.7 —16.0 


* 


pK calculated by the equation of Harned and Embree (3). 


summary of the values for pK; and pK, appears in Tables III and IV. 
Because of the limited quantities of materials and the difficulties in purify 


' 
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ing them, fewer solutions were measured; so the results as a whole are prob 
ably less accurate than those obtained for the aliphatic amino acids. 

The variation with temperature of the ionization constants of weak acids 
can be represented by equations of several types (3, 2, 4); that of Harned 
and Embree was found to fit these data, as shown by the comparison of 
observed pIx and calculated pK values in Tables III and IV. This equa- 
tion yielded values of 6, the temperature of maximal ionization, and eor- 
responding pk values for these temperatures, pK.x., a8 Shown in Table V, 
Tables III and LV also include values for the changes in free energy, heat, 
and entropy calculated from the observed results by thermodynamic 
equations given in an earlier paper (8). Table V is a compilation of the 
values for @, the temperature of maximal ionization, and the corresponding 
values of pKKuax.. A more complete discussion of the results obtained with 
this and similar equations appears in another report.' 


TABLE V 
Vaxima of First and Second Acid Ionization Constants and T¢ mperalures of Maximal 


Tonization of H ydrox yamino Acids 


Amino acid PRimax a PR2max, 62 
dl-Serine 2.128 58.6 7.568 153.0 
dl-Threonine 2.054 54.0 7.600 147.5 
dl-Allothreonine 2.087 14.0 7.469 152.6 
l-Hydroxyproline 1.789 17.6 8.329 140.4 
/-Proline 1.948 34.4 9 033 151.8 


At comparable temperatures the values of pk, for the hydroxyamino 
acids are 0.1 to 0.2 unit lower than the corresponding aliphatic amino 
acids, while the values of phx, are 0.6 to 1.0 unit lower. The temperature 
of maximal ionization on the acid side is appreciably higher (11-21°) 
but on the alkaline side it is 5-11° lower. 


SUMMARY 
The thermodynamic ionization constants of dl-serine, dl-threonine, 
dl-allothreonine, /-hydroxyproline, and /-proline have been determined 
from 1-50° from electromotive force measurements of cells without liquid 
junctions. Values for the derived thermodynamic constants have been 
calculated. 


We are indebted to Dr. D. I. Hitcheock for his criticism and advice. 


1 Smith, P. K., and Smith, E. R. B., in preparation. 














ow - S&S bo 


> i | 


10. 











2 
3 
4. 
5 





SMITH, GORHAM, AND SMITH 745 


BIBLIOGRAPHY 


Edsall, J. 'T., in Schmidt, C. L. A., The chemistry of the amino acids and proteins, 
Springfield and Baltimore (1938). 

_ Everett, D. H., and Wynne-Jones, W. F. K., Tr. Faraday Soc., 36, 1380 (1939). 

_ Harned, H.S., and Embree, N. D., J. Am. Chem. Soc., 66, 1050 (1934). 

Harned, H.S., and Robinson, R. A., T'r. Faraday Soc., 36, 973 (1940). 

_ Nims, L. F., and Smith, P. K., J. Biol. Chem., 101, 401 (1933). 


3. Owen, B. B., J. Am. Chem. Soc., 66, 24 (1934). 


. Smith, P. K., and Smith, E. R. B., J. Biol. Chem., 182, 57 (1940). 
_ Smith, P. K., Taylor, A. C., and Smith, E. R. B., J. Biol. Chem., 122, 109 (1937- 


38). 


. Tomiyama, T., and Schmidt, C. L. A., J. Gen. Physiol., 19, 379 (1935). 
10. 


West, H. D., and Carter, H. E., J. Biol. Chem., 119, 109 (1937). 




















tio 


of 


pre 














IMPROVEMENTS IN THE GASOMETRIC ESTIMATION OF 
CARBON MONOXIDE IN BLOOD 


By 8. M. HORVATH anp F, J. W. ROUGHTON 


(From the Fatigue Laboratory, Morgan Hall, Harvard Universily, Boston) 
(Received for publication, June 9, 1942) 


A simple and accurate gasometric method for measuring the CO content 
of blood is useful for blood volume determinations, for the estimation of 
CO poisoning, and for checking the more speedy optical methods which, 
from time to time, have been devised for these and other purposes. In an 
attempt to remedy certain disadvantages in previous methods, Roughton 
(1) recently worked out a technique in which 2 ce. of the CO-containing 
blood are laked with 2 cc. of 1 per cent saponin, and then shaken in the 
dark for 2 to 3 minutes with 1.5 ec. of 2 per cent NaeS2O, in 1 M glycinate 
buffer (pH 10). The O, and COs, of the blood are thereby chemically 
bound, whereas the Ne» and physically dissolved CO of the blood are 
liberated into the gas phase; the CO bound to the Hb is liberated only to 
an insignificant extent. In the next stage of the analysis the CO of the 
COHb is liberated in full, without any other gas, by shaking for 10 minutes 
with 0.5 ec. of air-free 32 per cent K;FeCys. The bound CO of the blood 
is thus easily measured without need of any special absorbent for CO. In 
this respect the method resembles that of Van Slyke and Neill (2) but elim- 
inates the blank corrections of the latter. Tests given in the paper, over 
the range 0 to 30 per cent COHb, show an accuracy higher than that of the 
Van Slyke-Neill method, and indeed about equal to that of the more 
elaborate method of Sendroy and Liu (3). With one batch of NaeS.O,, 
however, fallacious results were obtained. Since then, difficulties have 
been encountered with a few other samples of Na,S2O, and of glycine. 
The investigations of these troubles, together with the extension of the 
method to concentrations of COHb higher than 30 per cent, have led us 
to modifications which are simpler, much quicker, and apparently more 
reliable than the original method of Roughton. Before the modifications 
are described, it will be useful to discuss briefly the difficulties just men- 
tioned. 

Part of the ferricyanide, which is added to liberate the CO from the 
COHb in the 10 m‘nute shaking period, must clearly react with the excess 
of NagSeO,4 used previously for binding the O, of the blood. This reaction 
probably follows the equation 

2Na3;FeCys + NaS.O, + 4NaOH = 2Na,FeCys + 2Na.50; + 2H,O (1) 
747 
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Calculations show that, when only 0.5 cc. of 32 per cent ferricyanide is used, 
more than half of the latter may react in this way and hence be unavailable 
for liberating CO from the COHb. There is, however, no certainty that 
the oxidation-reduction reactions stop at the stage represented by Equa- 
tion 1, especially if the hyposulfite, which is rarely better than 85 per cent 
pure, contains catalytic impurities. If, for example, the NaeSO; is further 
oxidized to Na2SQ,, still more ferricyanide will be reduced and there wil] 
be serious danger of an inadequate amount being left over to liberate all 
the CO. An identical failure would occur either from some similar im- 
purity in the glycine or if the ferricyanide deteriorated through contact 
with mercury, light, grease, or other agencies which cause it to darken in 
color. One or the other of these factors was probably responsible for the 
anomalous result reported with one batch of NasSeO, (1). In our recent 
work 1.0 ec. instead of 0.5 ec. of saturated ferricyanide has been used. 
The solution, prepared from analytical grade reagent, has after deaeration 
been stored in a burette with a rubber outlet and pinch-cock, rather than 
in contact with a greased stop-cock. The ferricyanide is best prepared 
fresh each day, and should be rejected if its color has darkened appreciably. 
From Equation 1 it is also seen that a considerable amount of alkali is 
neutralized during the reaction between ferricyanide and NaS.Q,. This 
raises a danger, not mentioned or met with in Roughton’s paper, but since 
encountered with one sample of powdered glycine (origin not known); 
namely, that the pH, on shaking with ferricyanide, may not remain suff- 
ciently alkaline to retain all the CO,. In a blank experiment with water, 
in place of blood, there was with this sample of glycine a slow prolonged 
evolution of some gas when the water, NaeS.O,-glycine, and ferricyanide 
were shaken for successive 5 minute periods, in the 50 cc. vacuous phase 
of the Van Slyke chamber.' On compression of the gas in the chamber 
to the 2 ec. mark, a pressure of several mm. was registered but on a further 
compression of the gas several times into the top of the chamber between 
the 0.5 ec. mark and the stop-cock the gas was all reabsorbed, as was also 
the case if air-free NaOH was added. This leaves little doubt that the 
gas is (Oe, the pH being low enough for the partial pressure of CO, to 
reach a few tenths of a mm. when shaken at the 50 cc. mark; such a partial 
pressure would amplify to a few mm. on compression to the 2 cc. mark. 
It thus appears that, as regards alkalinity and buffer power, Roughton’s 
method is too near the limit of safety, even though with the reagent brands 
used by him and recently by us (viz. Cenco Na2S.O, and Paragon glycine) 
no trouble of this kind has arisen. 


! Van Slyke, Dillon, and Margaria (4) report a similar evolution of gas from certain 
commercial samples of NaeS,O, in alkali. 
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Two ways of eliminating these possible difficulties suggested themselves: 
Method A, to abandon the retention of CO, by alkaline glycine buffer and 
instead to liberate most of this gas as well as the whole of the bound CO 
by shaking the blood-hyposulfite solution with ferricyanide at pH 6.0. 
The evolved CO, is then absorbed with NaOH and the residual gas is 
solely CO; Method B, to replace the glycine buffer mixture by a much 
more alkaline K;PO -KzHPO, solution. Of these alternatives Method A 
is preferable, since at room temperature (20°) only 3 minutes shaking is 
needed to liberate all the CO, and the analysis is complete in 15 minutes 
instead of the 30 minutes taken by either Method B or py Roughton’s 
method. The precipitate in the chamber is much less tenacious than that 
usually formed with Van Slyke’s more acid ferricyanide reagent. Method 
B is, however, described, as we have used it extensively, and a slight modi- 
fication of it is useful for the determination of the dissolved N» content of 
blood (or other biological fluids). As one check on Methods A and B, we 
have used a modified and more accurate form of the Van Slyke-Neill 
method for CO in blood. 


Description of Method A 


Reagents Requtred- 

Caprylie alcohol. 

1 per cent saponin. 

2 per cent NasS,O, in saturated sodium borate. A stock of 4 per cent 
Na.B,O;-2H,O (analytical grade) is made up. At the beginning of the 
day, 50 ce. of this are placed in a 50 cc. Erlenmeyer flask, 1 gm. of solid 
Na.S.O, dropped in, and the flask quickly corked and shaken with only a 
minute bubble of air therein. The solution is at once transferred to a 50 
ec. burette and stored under oil. 

Air-free 32 per cent K;FeCys (analytical grade). This is freshly pre- 
pared by shaking in a vacuous tonometer and transferring to a burette 
with a rubber outlet and pinch-cock. If it darkens, a fresh supply must 
be made. 

Air-free phosphate buffer. Dissolve 13.6 gm. of KH:PO, and 3.5 gm. 
of K,HPO, (both analytical grade) in water and dilute to 100 ce. Deaerate 
and store in the ordinary way. The potassium salts are used because of 
their high solubility. 

Air-free 10 per cent NaOH. This need not be carbonate-free. 

Procedure-—4 drops of caprylic alcohol are drawn into the Van Slyke 
chamber and 2 ee. of 1 per cent saponin are placed in the cup. 1 to 2 ce. 
of blood (aecording to whether the per cent COHb is greater or less than 
50) are drawn directly into the chamber, followed by the 2 ce. of saponin. 
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After 1 minute for completion of laking, 2 cc. of the 2 per cent hyposulfite- 
borate solution are placed in the cup and the lower 1.5 cc. drawn into the 
chamber. The mercury is lowered to the 50 cc. mark, the chamber coy- 
ered with black paper, and the solution shaken at the usual rate for 2 
minutes. The evolved gases are quantitatively ejected and 1.5 ce. of 
deaerated 32 per cent K;FeCys placed in the cup. The lower 1.0 ce. of 
this is drawn into the chamber and the remaining 0.5 cc. discarded. 1.0 
ec. of the deaerated phosphate buffer is similarly introduced into this 
chamber, the tap sealed, the mercury lowered to 1 cm. below the 50 ce. 
mark, and the mixture shaken for a total of 3 minutes. Three times during 
the shaking the motor is temporarily stopped, and the mercury raised to 
the 50 cc. mark, so as to mix the solution in the stem of the chamber with 
the main body of the solution. In this way destruction of the ferricyanide 
by the mercury is minimized. 

The gas is then compressed nearly to atmospheric pressure and 2.0 ce. 
of the air-free NaOH placed in the cup. 1 ce. of the latter is run into the 
chamber, 15 to 30 seconds being allowed for CO, absorption to be com- 
pleted. Finally, only a small bubble is left in the top of the chamber. 
The solution is then lowered to the 2.0 cc. mark and after 1 minute for 
drainage the pressure, p:, read. The gas is then quantitatively ejected 
and the pressure read again, p2. The CO content in volumes per cent then 
equals (p1 — pe — c) X constant. 

The ¢ correction (usually about 0.5 mm.) is determined in the usual way 
with water in place of blood, and the constant is obtained from the appro- 
priate column in Table 30 of Peters and Van Slyke (5). Thus if the blood 
sample equals 1 ec., p; = 134.2 mm., p, = 47.8 mm., c = 0.5 mm., and the 
temperature = 21.6°. 

Volumes per cent CO = 85.9 X 0.2445 = 21.003. 

The precipitate of methemoglobin remaining in the chamber is readily 
removed by shaking with dilute alkaline hyposulfite. 

Notes on Preliminary 2 Minute Shaking—A control experiment showed 
that 2 minutes shaking was long enough to extract the dissolved N, of the 
blood and reagents. Roughton calculated that the dissociation of COHb 
which could occur during this period was negligible if the per cent COHb 
lay between 0 and 30. With blood samples containing up to 100 per cent 
COHb a direct test is preferable to a calculation. In three experiments, in 
which 1 ce. of blood 100 per cent saturated with CO was shaken in the dark- 
ened chamber for 16 minutes with the saponin-hyposulfite mixture, we 
found an average rate of CO evolution of 0.00024 ce. of CO per minute; this 
would only cause a negligible error of 1 part in 500 in the CO determination. 
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Description of Method B 


Reagents—These are the same as in Method A save that the 10 per cent 
NaOH is not required and the acid phosphate buffer is replaced by air-free 
alkaline phosphate buffer consisting of 3.5 gm. of K,HPO, and 17.1 gm. 
of KsPO, dissolved in water and diluted to a total volume of 100 ce. 

Procedure—This is exactly as in Method A save that (a) the second shak- 
ing is continued for 10 minutes, instead of 3 minutes, and a check reading 
istaken after 5 minutes further shaking to make sure that the gas evolution 
iscomplete, and (6) no absorption by NaOH is required, the pressure read- 
ing p: at the 2.0 ec. mark being taken directly after the shaking is finished. 
p is the pressure reading after the ejection of all gas. 

Volumes per cent CO = (p; — ps — ce) X constant given by Peters and 
Van Slyke. 

Determination of Dissolved Nz of Blood—This is readily done by a slight 
variation of Method B. 2 ec. of 1 per cent saponin, 1.5 ec. of the hyposul- 
fite-borate solution, and 1.0 ce. of the alkaline phosphate buffer are evacu- 
ated and shaken for 2 minutes in the Van Slyke chamber. The evolved gas 
is quantitatively ejected and 2 cc. of the blood are then drawn into the 
chamber and the mixture shaken in vacuo in the dark for 2 minutes. The 
pressure reading p; at the 2.0 cc. mark is taken, the Nz evolved from the 
blood is quantitatively ejected, and the pressure reading ps2 read. 

Volumes per cent dissolved Nz then equals (p; — pz) X constant as before. 

Modification of Van Slyke-Neill Method—In the original method all the 
gases of the blood are evolved by shaking in vacuo with acid ferricyanide; 
the CO, and Oy, are then absorbed by alkaline hyposulfite and the pressure 
of the residual gases, CO and Ne, measured. The volume per cent CO is 
thence obtained by subtracting the dissolved Nz content of the blood, this 
being calculated from the solubility coefficient of Nz in blood and the pres- 
sure of Ne with which the blood is supposedly in equilibrium at the time 
of the drawing. A blank correction is also made for the slight reabsorption 
of CO by the reduced hemoglobin formed when the Ryposulfite absorbent 
is added. 

We have increased the accuracy of the method by determining the actual 
N, content of the blood in a duplicate sample (as just described) instead of 
by calculation, and by replacing the hyposulfite absorbent by a freshly 
prepared air-free solution of 5 per cent pyrogallol in 10 per cent NaOH. 

The latter reagent, unlike hyposulfite, does not absorb any CO, as is 
shown by the fact that its use in Method A in place of the ordinary 10 per 
cent NaOH leads to identical values of the CO content. A possible disad- 
vantage of the reagent is that small amounts of CO may be liberated from 
it, especially when the pO, is high and prolonged shaking is required for 
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absorption to be complete, as in the Haldane gas analysis apparatus. Ip 
the Van Slyke apparatus the absorption is complete in 1 minute if 1 ¢¢, 
of pyrogallol is used and the gas is kept above the 2 cc. mark throughout 
the absorption. Under these circumstances the O: pressure is small and 
the time of contact of each pyrogallol molecule with the gas phase so short 
that no appreciable error from evolved CO arises, as is shown by several 
controls (¢.g., the Oz capacity of blood as measured with the ordinary 
hyposulfite absorbing reagent agrees with that obtained with the pyro- 
gallol reagent). 1 ce. of this pyrogallol solution is used, and about 1 minute 
is allowed for its admission from the cup into the Van Slyke chamber. The 
gas in the chamber is kept just a little below atmospheric pressure during 
the absorption. 


TaBLe I 
Estimations of Volumes Per Cent CO in Blood by Various Methods 


. , ' Van 
Experi Aerated blood hee 
ment | Mixture | Method A Slyke-Neill) weethod B | Glycine® 
No , : method 
P CO content |Oe capacity Sum modified 


1 | 4.49 (1) 4.43(1) 
6.05 (1) 6.06(2) 
7.59 (1) 7.54(2) 
10.25 (1) 10.24(1) 


| | 
2 20.49(2) 0.41 (1)/20.10 (1))20.51 (1) 
3 21.24(2) 0.54 (2)/20.63 (2)/21.17 (2 
4 0.36 (1)21.61 (2)/21.97 (1) 22.03 (2) 
5 18.81 (2) 18.74 (1) 
6 20.94 (2) 20.26 (2) 
7 3.20(3) 3.19 (3) 3.24 (2) 
8 21.81 (2) 21.77 (3) 21.84 (2) 
9 20.42 (3) 20.43 (3) 


The figures in parentheses denote the number of deicrminations. 
* 1.0 ec. of 32 per cent K;FeCy, was used in place of 0.5 ce. 
e 

Checks of Methods—In a total of twenty analyses on human blood the 
average discrepancy between duplicate determinations was found to be 
0.055 volume per cent CO both in the case of Method A and Method B, 
which with 1 ce. blood samples corresponds to a CO pressure of 0.2 mm. of 
Hg on the Van Slyke manometer. The maximum precision of the Van 
Slyke technique is thus reached. In only two out of the twenty determina- 
tions was a discrepancy greater than 0.10 volume per cent found, the 
highest being 0.14. 

Table I summarizes the various checks we have applied. 

Experiment 1 shows that the values by Method A check very closely 
with those of calculated mixtures of aerated blood and blood 100 per cent 
saturated with CO by shaking with a gas mixture containing CO. 
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Experiments 2, 3, and 4 show that the CO capacity of blood by Methods 
A and B agrees with the O, capacity of the same blood (as measured by 
the ordinary Van Slyke-Neill O, procedure) if thene be added to it the small 
CO content of the aerated blood, which in the case of our present subjects 
amounts to about 0.4 volume per cent. 

Experiments 5, 6, and 7 show the comparison of Method A with the 
Van Slyke-Neill method (modified). In Experiment 5, the blood was 
equilibrated with a CO-O, mixture and so no allowance for dissolved N, 
was needed. 

Experiments 7, 8, and 9 show the mutual agreement between Methods 
A and B and the glycine method (if 1.0 cc. of ferricyanide is used in the 
latter and all the reagents are carefully controlled). Experiment 7 also 
shows the agreement between Method A and the Van Slyke-Neill and 
glycine methods. 

The success of this series of tests gives confidence that the principles and 
technique of the methods are reliable and reproducible. 

Avoidance of Hyposulfite in Method A—No trouble has been found in this 
method with Cenco brand hyposulfite, but it is possible that other brands 
of NasS.O, might occasionally lead to false results. At the end of the re- 
search we made several tests to see whether the hyposulfite could be 
omitted entirely from the borate solution used for the preliminary shaking 
and ejection of dissolved Ne. In this case some O2 would be liberated as 
well as Ne during the preliminary shaking but it was found by calculation 
from the hemoglobin dissociation curves that no appreciable liberation of 
CO from COHb should be caused thereby. This was confirmed by three 
comparisons of the CO content of blood solution as estimated by (1) 
Method A unmodified, and (2) Method A modified by omission of hypo- 
sulfite from the borate solution and with 1.5 ce. of air-free 5 per cent pyro- 
gallol in 10 per cent NaOH in place of the usual 10 per cent NaOH ab- 
sorbent. In the modified Method A, some of the Oz, most of the COz, and 
the whole of the CO of the blood are liberated by the shaking with ferri- 
eyanide. The alkaline pyrogallol then absorbs the O. and COs, leaving 
the residual gas, which is pure CO, for direct manometric measurement. 
The results of the comparisons were as follows: 


I II III 


De SOMNIES INGOs. ose ccacsvcceuecs 
Method A, vol. % CO..... aaa iad | 0.29 6.06 | 11.78 
‘* without NaS.O,, vol. %CO..... ..++-| 0.30 6.07 | 11.81 


Whether the blood contains much O, as in Sample I or but little as in 
Sample III, agreement within experimental error is obtained. The hypo- 
sulfite may therefore safely be omitted, but the borate should be retained, 
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so as to keep the pH alkaline enough during the first 2 minutes shaking for 
the rate of dissociation of COHb to be negligible. 
DISCUSSION 

The improved methods described above apparently reach the maximum 
accuracy attainable in the Van Slyke apparatus. The best of these, viz, 
Method A, is as easy and as quick as that of the Van Slyke-Neill determina- 
tion of the O, content of blood. No further search for simplicity or speed 
of working therefore seems called for. 

Methods A and B and that of Roughton differ from previous Van Slyke 
methods in giving only the chemically combined CO of the blood and not, 
in addition, the dissolved CO, since the latter is eliminated during the pre- 
liminary 2 minute shaking period. This is an advantage in determinations 
of the total hemoglobin of the blood by CO capacity methods, since the 
blank correction for dissolved CO is thereby eliminated. Any foreign 
gases which might be present in physical solution in the blood (as in il- 
luminating gas poisoning) would also be removed during the 2 minute 
shaking, whereas in the Van Slyke-Neill method they would add to (and 
confuse) the blank correction for dissolved Nz and in the Sendroy-Liu 
method they might in some cases also be absorbed by the cuprous chloride 
reagent used for absorbing CO. The present methods are thus perhaps 
more specific than previous gasometric methods. 

An advantage of Roughton’s method was that it could be satisfactorily 
used not only in the Van Slyke, but also in the Barcroft-Warburg apparatus. 
The same applies to Method B, the Barcroft procedure for which is the 
same as used by Roughton for his glycine method. If the usual provision 
be made for absorbing evolved COs, (6), there seems no reason why Method 
A also should not work in the Barcroft apparatus. Owing to lack of 
immediate facilities, this has not yet been tested. 

The CO contents of the blood of the normal subjects used in Table I run 
somewhat higher than usual; we have had other cases running up to over 
1 volume per cent. We hope to investigate this further, with reference 
not only to smoking but also to the claim of the French investigators (7) 
that CO is formed endogenously in the body, especially during deficient 
carbohydrate metabolism. 


SUMMARY 


Modifications have been made in Roughton’s recent method for esti- 
mating CO in blood with the Van Slyke apparatus; the main object was 
to avoid difficulties occasionally encountered with certain brands of re- 
agents. Several new methods are described; of these, the most serviceable 
is as speedy and simple as the ordinary Van Slyke-Neill determination of 
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the oxygen content of blood, and has, according to numerous tests, a preci- 
gon equal to the highest that can be attained with the Van Slyke technique. 
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TYROSINASE AND PHENOLIC PRESSOR AMINES 
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Recent studies of the mechanisms involved in the production of experi- 
mental renal hypertension show that humoral pressor agents are involved. 
[t appears that either one or both of two types of pressor substance may 
be liberated from the kidney itself, but that a single type of substance 
acts to produce the peripheral vasoconstriction. One type of substance 
that may be liberated from the kidney has the properties of a non-dialyzable 
protein, like the renin of Tigerstedt and Bergmann (1). This substance 
reacts with certain serum constituents to produce a dialyzable amine type 
of pressor substance, according to Page, Koehlstaedt, and Helmer (2, 3), 
who called this substance angiotonin, and according to Braun-Menendez 
and coworkers (4), who called it hypertensin. Another type of substance 
that may be liberated from the kidney has the properties of a dialyzable 
pressor amine that is very possibly tyramine or hydroxytyramine, as de- 
veloped by the work of Holtz (5, 6) and of Bing (7, 8) and their coworkers. 
Whatever the substances liberated by the kidney may be, it appears that 
the humoral agent producing a peripheral vasoconstriction is an amine in 
type, and very possibly a phenolic amine. 

The pressor effect of renin can be inactivated by tyrosinase preparations 
in the presence of oxygen, and the product of its interaction with serum, 
angiotonin or hypertensin, can be similarly inactivated, as shown by 
Schroeder and Adams (9) and confirmed by Croxatto and Croxatto (10). 
The latter workers also showed that hypertensin could be readily inac- 
tivated by amine oxidase preparations in the presence of oxygen. Schroe- 
der and Adams studied the effects of injected tyrosinase preparations on 
the blood pressures of animals with experimental renal hypertension, and 
also of persons having arterial hypertension (11). Falls in blood pressure 
and other signs of clinical improvement were obtained, and the conclusion 
was drawn that it was probable that some phenolic substance acting as a 
humoral agent was altered. A recent note by Schroeder (12) reports that 
the injection of amine oxidase preparations lowered the blood pressure of 
animals with experimental renal hypertension. 

The tissues of mammals, as studied by Bhagvat and Richter (13), do 
not normally contain any considerable amounts of tyrosinase or other 
phenoloxidases. The physiological inactivation of phenolic amines in 
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man appears to be largely carried out by some esterifying mechanism, ag 
shown by Richter and Richter and MacIntosh (14, 15). It is therefore of 
considerable interest to value the kinetics of phenoloxidase-catalyzed 
oxidations of a number of phenolic pressor amines, under approximate 
physiological conditions, in order to estimate the réle any normally occur. 
ring amounts could play in the inactivation of such compounds in the body, 
Such data also furnish bases for consideration of the possible effects of 
injected amounts of tyrosinase or other phenoloxidase preparations. 

Basic to the consideration of the action of tyrosinase on the oxidation of 
phenolic pressor amines are the observations of Keilin and Mann (16) and 
of Nelson and his coworkers (17-19) that show that different preparations 
may vary considerably in their relative actions on monophenols and 
o-diphenols. Both of these types of activity appear to belong to the same 
enzyme complex, as they bear a proportionality to the same copper con- 
tent. However, since the activities vary with the purity and method of 
purification, each enzyme preparation must be defined in terms of both 
monophenolase and o-diphenolase activities. This was done in the present 
studies, and modifications of previously described preparative methods 
were required to retain a reasonable proportioning of such activities in 
purified preparations. 


Purified Tyrosinase Preparations 


The methods described by Nelson and coworkers (17-19) were first tried, 
but met with little success, owing to rapid inactivation and processing 
losses. The methods of Keilin and Mann (16) were then tried, and after 
some modification it was possible to obtain quite good yields of stable 
preparations which were 30 to 40 times more active per unit weight than 
crude aqueous extracts. In our experience, only a white cultivated variety 
of the common mushroom gave good results, a spotted brown and white 
variety gave fair results, while a brown variety gave precipitates that were 
difficult to handle and high inactivation and processing losses occurred. 

The tyrosinase activity of the preparations was valued by methods 
similar to those of Adams and Nelson (17), but modified by use of available 
equipment. The assays were made with an Aminco Warburg apparatus, 
with seven 15 ml. vessels shaken at 120 oscillations per minute in a 30.0° 
water bath. In the body of the flasks were placed 1.0 ml. of 0.4 m sodium 
phosphate buffer, pH 7.0, containing 2.5 mg. of gelatin, and 0.5 ml. of 
enzyme preparation at a dilution to cause an oxygen uptake of about 5 
microliters per minute. In the side arm was placed either 0.5 ml. of a 
solution containing 0.1 mg. of catechol and 5 mg. of hydroquinone per ml. 
for catecholase activity determination or 0.5 ml. of 0.04 m p-cresol for 
cresolase activity determination. The solutions were attemperated for 
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{5 minutes with shaking at a 2 cm. stroke, and then mixed and shaking 
continued at a 4.em. stroke. For catecholase activity, readings were made 
at 2 minutes, while for cresolase activity, readings were made at 5 minute 
intervals. In either case, a unit (catecholase = Ca. u., cresolase = Cr. 
y.) is defined as that which causes an uptake of 10 microliters of O, per 
minute under the conditions used. The unit was found to be seven- 
twelfths that of the unit similarly defined by Adams and Nelson for their 
equipment. 

Crude Extract—5 pounds of fresh mushrooms were ground twice, mixed 
with 200 ml. of water, and then pressed in a canvas bag. Regrinding with 
sand and 400 ml. of water, repressing, then another grinding with sand and 
600 ml. of water gave about 2700 ml. of reddish brown liquid. 


Non-dialyzable solids, 6.52 mg. per ml., 5 Ca. u. per mg., 7 Cr. u. permg. ‘Total 
Ca. u., 92,000; total Cr. u., 123,000. 


Ammonium Sulfate Precipitation, Followed by Dialysis—Crude extract 
adjusted with N acetic acid to pH 5 was treated with 700 gm. per liter of 
ammonium sulfate and the pH adjusted to 4.8, with stirring for 2 hours. 
Centrifugation in a Sharples machine at 25,000 r.p.m. completed the solid 
separation in an hour, while filtration attempts were discouraging. The 
solid was resuspended in 450 ml. of water with stirring for 0.5 hour, and the 
mixture then dialyzed within 36/32 Visking cellophane tubing by shaking 
in running tap water for 24 to 40 hours. Insoluble material was centri- 
fuged out and the centrifugate made up to 1000 ml. 


Non-dialyzable solids, 4.09 mg. per ml., 34 Ca. u. per mg., 29 Cr. u. per mg. Total 
Ca. u., 139,000;! total Cr. u., 118,000. 


Lead Acetate Treatment—Aliquots of 20 ml. were taken and treated with 
0.6 to 1.4 ml. of 0.05 saturated lead acetate solution to determine the ap- 
proximate amount required to effect removal of color to a green filter read- 
ing of about 300 on a Klett colorimeter. The total batch had to be treated 
with a 20 to 25 per cent greater ratio of the lead acetate solution to obtain 
equivalent decolorization, and was then centrifuged. 

Non-dialyzable solids, 1.47 mg. per ml., 57 Ca. u. per mg., 41 Cr. u. permg. Total 
Ca. u., 83,000; total Cr. u., 59,000. 


Clarification with Calcium Phosphate—Treatment of the extract with some 
freshly precipitated caleitum phosphate at pH 7.0, by stirring for 0.5 hour 


' Assay shows an increase in total Ca. u. during ammonium sulfate precipitation 
followed by dialysis, and this was shown by several, but not all, the preparations 
made. Keilin and Mann (16) also observed such an increase and postulated the pres- 


ence of a proenzyme that was activated during dialysis. 
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and then allowing it to stand overnight, gave a clear solution after centrif. 
ugation, about two-thirds as colored as after the lead acetate treatment. 


Non-dialyzable solids, 1.07 mg. per ml., 76 Ca. u. per mg., 55 Cr. u. per mg. Total | 


Ca. u., 80,000; total Cr. u., 58,000. 


The calcium phosphate was prepared by mixing equal volumes of 0.15 y 
ralcium acetate and 0.1 m disodium phosphate and adjusting the pH to 
that at which the suspension was to be used. 1 ml. of this is equivalent to 
15 mg. of tricalcium phosphate. 

Calcium Phosphate Adsorption and Elution—80 per cent of the activity 
was adsorbed by adjustment of the pH to 6.6 and treatment with 1 gm. of 
calcium triphosphate in suspension at pH 6.6 for each 20,000 Ca. u. by 
stirring for 0.5 hour. The adsorption precipitate was centrifuged off with 
the Sharples machine, and then stirred for an hour into a suspension with 
75 ml. of 0.5 mM potassium phosphate buffer at pH 7.5. The eluate was 
centrifuged off and elution repeated twice. The combined eluates were 
dialyzed against running tap water for 40 hours. 


Non-dialyzable solids, 1.41 mg. per ml., 140 Ca. u. per mg., 90 Cr. u. permg. Total 
Ca.u., 51,000; total Cr. u., 32,000. 


By treatment of such solutions with small amounts of 0.01 saturated lead 
acetate and with calcium phosphate suspensions, about half of the enzymic 
activity could be obtained in preparations showing about 210 Ca. u. per 
mg. with 110 Cr. u. per mg. 

For use in experimental renal hypertension in animals, or in arterial 
hypertension in man, more concentrated solutions of the calcium phosphate 
eluate preparations were desired. These were prepared by precipitating 
relatively large volumes of eluate preparations with 700 gm. per liter of 
ammonium sulfate and adjusting the pH to 4.8. The precipitate was 
taken up with 0.9 per cent sodium chloride solution at pH 7.0, and made 
1:50,000 in phenylmercurie acetate for preservation. Such solutions 
contained non-dialyzable solids, 3.72 mg. per ml., 300 Ca. u. per mg., 90 
Cr. u. per mg. The stability of the more highly purified preparations, 
when kept in the refrigerator at about 5°, was very satisfactory. One 
preparation that was tested almost weekly for 5 months showed no change 
in either catecholase or cresolase activity. Another preparation carefully 
restandardized after 3 months showed no change in either type of activity. 

These tyrosinase preparations could be rapidly inactivated by heating 
above 60°, with the attendant precipitation of coagulated proteins. Study 
of this heat inactivation showed that by keeping the preparations at 60° 
for 40 minutes, 95 per cent or more of the catecholase and cresolase activity 
was destroyed. Such heating did cause precipitation of some material 
which almost completely dissolved on cooling and shaking. 





| 
| 
| 
| 
| 





trif. 
ent, 


‘otal 


tal 


ac 


er 


al 











ALLES, BLOHM, AND SAUNDERS 761 


Tyrosinase Oxidations of Phenolic Amines 
The relative activity of tyrosinase preparations when tested upon mono- 
phenols and o-diphenols may not be reflected in their relative activity when 
tested upon monophenolic and o-diphenolic amines. This question was 
especially studied, since it appeared possible that, although preparations 
might vary considerably in their relative catecholase to cresolase activity, 
certain generalizations might be made for the action of tyrosinase on types 
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Fic. 1. Oxygen uptake in microliters against time in minutes for preparations 
having different ratios of catecholase to cresolase activity. A and B may be con- 
sidered high eatecholase, C and D high cresolase preparations. The experiments 
were carried out at 30° with 0.01 m amine hydrochloride substrates in 0.2 m sodium 
phosphate buffer, pH 7.0, and 0.5 ml. of enzyme of the concentration shown per ml. 
used in a 2 ml. total volume. The curve numbers in all four sections correspond to 


the substrates listed in A. 


of phenolic amines, and particularly on phenolic pressor amines that might 
occur in the body under physiological conditions. Confirmation of this 
idea was indeed obtained by the study of four enzyme preparations, vary- 
ing widely in their relative catecholase to cresolase activity upon the same 
series of six amines. Three of these amines were monophenolic; the other 
three were diphenolie and derivatives of catechol. 

Three enzyme preparations were made by following the previously out- 
lined methods, and represented a range from a relatively high catecholase 
to eresolase ratio of 10:1 through a ratio of 10:2.5, and finally of 10:6. 
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The oxidation rates were studied for these three preparations at 30°, with 
0.5 ml. of enzyme preparation containing 1.0 Ca. u. per ml. and attendant 
cresolase unitage, and 0.5 ml. of 0.04 m phenolic amine, in a total volume 
of 2.0 ml. Curves showing the results are given as A, B, and C of Fig. 1, 
A high cresolase preparation was also made specially for this comparative 
study by fractional ammonium sulfate precipitation of a crude extract of 
brown mushrooms. This preparation showed a catecholase to cresolase 
ratio of 10:33, and 0.5 ml. of enzyme preparation containing 1.0 Cr. u. 
per ml. and but 0.3 Ca. u. per ml. was used for the studies shown in Fig. 
1, D. 
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Fic. 2. Oxygen uptake in microliters against time in minutes, at 30° with 0.01 
amine hydrochloride substrates in 0.2 m sodium phosphate buffer, pH 7.0, and 0.5 
ml. of enzyme used in a2 ml. total volume. In A the enzyme solution used contained 
1.0 Ca. u. and 0.6 Cr. u. per ml., and in B the enzyme concentration was 24 times 
greater. Curve 1, 3-hydroxyphenethylamine; Curve 2, 4-hydroxyphenethylamine; 
Curve 3, 4-hydroxyphenethylmethylamine; Curve 4, 4-hydroxyphenisopropylamine; 
Curve 5, 3-hydroxyphenethanolmethylamine; Curve 6, 4-hydroxyphenethanolme- 
thylamine; Curve 7, 3,4-dihydroxyphenethylamine; Curve 8, 3,4-dihydroxyphene- 
thylmethylamine; Curve 9, 3,4-dihydroxyphenisopropylamine; Curve 10, 3,4-dihy- 
droxyphenethanolamine; Curve 11, dl-3,4-dihydroxyphenethanolmethylamine; 
Curve 12, /-3,4-dihydroxyphenethanolmethylamine 


The results from monophenolic and diphenolic amine substrates fall 
into separate groups with each of the several enzyme preparations. The 
principal point of difference in the action of the four preparations is the 
greater spread of the curves with increased cresolase activity. The 
cresolase activity appears to potentiate the catecholase activity of the 
preparations of high cresolase activity with respect to all six of the sub- 
strates studied. 

To further the idea that oxidation behavior of phenolic pressor amines 
may be classified on the basis of the number and position of the benzene 
ring substituents, additional studies were carried out on a rather varied 


series of phenolic and o-diphenolic amines. For the initial study, a single 
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tyrosinase preparation with a catecholase to cresolase ratio of 10:6 was 
used, with enzyme and substrate concentrations as in the studies of A, B, 
and C of Fig. 1. A second study was carried out with enzyme concentra- 
tions 24 times as great and with longer periods of observation, to indicate 
the total extent of oxidation of these compounds by tyrosinase. The re- 
sults of these studies are shown in Fig. 2, and it should be noted that here 
again the initial rates of the effects upon monophenolie and diphenolic 
amines are separable into groups, with the exception that the 3-hydroxy- 
phenylalkyl- (or alkanol-) amines are not oxidized at all. Another point 
of interest is that the ethanolamine side chain appears to inhibit oxidation 
in both series, though not notably with adrenalin. 

The total extent of tyrosinase oxidation of these various substrates, as 
shown by Fig. 2, B, indicates that the course of the oxidation, aside from 
phenolic oxidation, may differ greatly among the various compounds. 
This is perhaps related to the findings of Beyer (20), using certain phenolic 
pressor amines and crude potato tyrosinase preparations, that total oxida- 
tion may involve the splitting of ammonia from the molecule, as well as the 
production of indole derivatives and melanins, as found by Duliere and 


Raper (21). 
Dissociation Constants of Tyrosinase and Phenolic Pressor Amines 

The kinetic dissociation constants of tyrosinase with some typical 
phenolic pressor amine substrates were determined. These substrates 
were chosen because of their physiological or pharmacological interest. 
Although calculations were planned to be made that would apply to body 
temperatures, the studies were carried out in the Warburg apparatus at 
25°. This was done in order to obtain sufficient experimental precision, 
since the rates determined must be those during the first few minutes of 
oxidation, and differences between bath and room temperatures of as much 
as 5° caused manometer shifts affecting the reading for the Ist minute 
owing to the removal of the vessels from the bath for mixing. Substrate 
concentrations varied from 0.002 to 0.02 molal. Enzyme concentrations 
were 3 Ca. u. per ml. with 1.8 Cr. u. per ml. for the monophenolic sub- 
strates, and 0.6 Ca. u. per ml. with 0.36 Cr. u. per ml. for the diphenolic 
substrates. Determinations were repeated in most cases at one-half these 
enzyme concentrations, and checks were obtained. For the monophenolic 
amines, the rates used were the maximum rates obtained over a 5 minute 
period after the initial lag period had ceased, and usually occurred between 
8 and 13 minutes, often continuing constant for an additional 5 minutes. 
For the diphenolic amines, the oxidation rates of which rapidly decrease 
with time, the rates chosen were the maximum rates observed over a 1 
minute interval, usually falling within the Ist or 2nd minute interval. 
By plotting 1/V, where V = microliters of O. uptake per minute, against 
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1/S, where S = molal substrate concentration, the ordinate intercept 

1/Vinax, and the slope of the straight line A./Viox. were determined, ag 

suggested by Lineweaver and Burk (22). A,, the dissociation constant of 

the intermediate enzyme-substrate compound, is then easily calculable. 
DISCUSSION 

The data presented with regard to the interaction of oxygen and the 
phenolic pressor amines in the presence of tyrosinase permit some ¢al- 
culations to be made with respect to the likelihood that tyrosinase plays 
any physiological réle in the inactivation of these compounds in the body, 
Further, such calculations can indicate the order of magnitude of the 
amounts of tyrosinase that would have to be introduced into the body from 
the outside to exert an effect comparable to normal rates of destruction of 
these phenolic pressor amines. 

By way of example, consider the oxidation rate of tyramine in a con- 
centration of 10-° molal with an enzyme concentration of 3.0 Ca. u. and 
1.8 Cr. u. per ml. by substitution of the data given in Table I for these con- 
ditions into the rate relation 1/V = K,/Vmax. (S) + 1/Vmax. Such sub- 
stitution gives 1/V to be about 24, or V to be about 0.04 microliter of O, 
per minute, or about 0.02 X 10-7 mole of O, per minute. On the basis 
that physiological inactivation would occur with an uptake of 1 mole of 
O, per mole, 10-* mole of tyramine under these conditions would require 
about 500 minutes to be inactivated with an enzyme concentration of 
3.0 Ca. u. and 1.8 Cr. u. per ml. Such conditions of amounts and con- 
centrations of tyramine would be approximated in the blood stream of an 
experimental animal immediately following the intravenous injection of 
10-* mole per kilo (0.18 mg. per kilo of hydrochloride) of tyramine. The 
studies of Clark and Raventos (23) on the relationship between dosage and 
duration of physiological actions of tyramine in cats and in man showed 
that a dosage of 10-* mole of tyramine per kilo is inactivated in less than 
20 minutes. 

A similar calculation made from the data obtained on /-adrenalin in a 
concentration of 10-* molal with an enzyme concentration of 0.6 Ca. u. 
and 0.36 Cr. u. per ml. would give V to be about 2 X 10‘ microliter of 
Oz. per minute, or about 10-" mole of O: per minute. On the basis that 
physiological inactivation would oceur with an uptake of 0.5 mole of O; 
per mole, 10~§ mole of adrenalin under these conditions would require about 
500 minutes to be inactivated with the enzyme concentration of 0.6 Ca. 
u. and 0.36 Cr. u. perm’. Such conditions of amounts and concentrations 
of adrenalin would be approximated in the blood stream following the 
intravenous injection of 10-* mole per kilo (0.0018 mg. per kilo) of adren- 
alin. The duration of pressor and other responses in cats from such a dos- 
age is less than 5 minutes, and is most commonly 2 to 3 minutes. 
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Certainly, no such considerable amounts of tyrosinase as 3.0 or even 
0.6 Ca. u. per ml. exist normally in the blood or tissues of animals yet 
studied, as demonstrated by Bhagvat and Richter (13). If a tyrosinase- 
catalyzed oxidation were the principal oxidative mechanism, 25 to 100 or 
more times these concentrations of enzyme would be required. Although 
tyrosinase is thus indicated as being an unimportant mechanism normally, 
it might be suggested that its injection could be resorted to in order to in- 
crease the capacity of the body to inactivate phenolic pressor amines. So 
far as such compounds are represented by tyramine and adrenalin, amounts 
of tyrosinase approximating 25 to 100 or more times 3.0 or even 0.6 Ca. u. 
per ml. of body fluid would be required to be injected to approach de- 


TABLE I 
T yrosinase Oxidations of Phenolic Amines 
The experiments were carried out at 25° in 0.2 m sodium phosphate buffer, pH 7.0, 
with substrate concentrations of from 0.002 to 0.02 molal. 


Phenolic amine et" ~ee ve pat K, 
per mi. | per mi. x 10" 

1-Hydroxyphenethylamine (tyramine) 3.0 1.8 0.104 2.42 0.0024 
1.5 0.9 0.206 4.03 0.0020 

4-Hydroxyphenisopropylamine 3.0 1.8 0.051 3.44 0.0067 
(paredrine) 1.5 0.9 0.100 6.00 0.0060 
3,4-Dihydroxyphenethylamine  (hy- 0.6 0.36 0.040 2.00 0.0050 
droxytyramine) 0.3 0.18 0.076 $.02 0.0053 
3,4-Dihydroxyphenisopropylamine 0.6 0.36 0.047 1.54 0.0033 
(hydroxyparedrine) 0.3 0.18 0.085 2.90 0.0034 
dl-3 ,4-Dihydroxyphenethanolmeth- 0.6 0.36 0.045 3.24 0.0072 
ylamine (dl-adrenalin) 0.3 0.18 0.090 6.80 0.0075 
1-3, 4-Dihydroxyphenethanolmeth- 0.6 0.36 0.035 4.60 0.0131 


ylamine (l-adrenalin) 


struction rates comparable to those normally possessed by the body. These 
amounts are very large and are in excess of those that were used by 
Schroeder and Adams (9, 11) for the therapy of hypertension in animals 
and man, and it would seem probable that explanations other than in- 
creased destruction of phenolic pressor amines are required for the effects 
they reported. 
SUMMARY 

1. Methods were developed for the purification of extracts of common 
white mushrooms, giving good yields of stable tyrosinase preparations. 

2. The ratio of catecholase to cresolase activities of such preparations 
was not greatly altered in the course of such purification. 
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3. The initial oxidation rates of diphenolic amines that were derivatives 
of catechol were greater than those of monophenolic amines with tyrosinase 
preparations, whether they are high or low in relative catecholase to 
cresolase activity. 

4. Tyrosinase preparations oxidize a large number of monophenolic and 
o-diphenolic pressor amines, with the exception of those substituted with a 
single hydroxyl group in the 3 position relative to the side chain. 

5. The extent of total oxidation of a number of phenolic pressor amines 
is quite variable, probably due to different pathways of the oxidation of the 
side chain with its amino group. 

6. The kinetic enzyme dissociation constants of tyrosinase-amine com- 
binations were found to be of the same order for the monophenolie and 
diphenolic amine types studied. 

7. The dissociation constants and the oxidation rates of tyrosinase- 
amine combinations are such that this oxidation mechanism cannot account 
for any considerable part of the inactivation of tyramine or epinephrine in 
normal animals, and such oxidation is not more probable for related phe- 
nolic pressor amines. 

8. Injections of large amounts of highly active tyrosinase preparations 
into animals would be required to produce rates of oxidation comparable to 
normal inactivation rates. 
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HEMICELLULOSES AND PECTIC MATERIALS FROM COTTON- 
WOOD, POPULUS MACDOUGALI 
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Studies on hemicelluloses of wood extending back more than half a 
century enable us to draw some general conclusions as to their composition 
and structure. The size of the molecules as they exist in the cell wall, the 
manner in which they are combined with other cell wall constituents, and 
their origin are still matters of conjecture. However, enough is known 
about these substances and other closely related materials for us to draw 
some conclusions on these points also. 

Polyuronide hemicelluloses from hardwoods are usually composed of a 
monomethoxyuronic acid combined with a series of molecules of d-xylose (1). 
The acid is probably d-glucuronic acid but it has not been identified with 
certainty. The methoxy] is ether-linked to the uronic acid but its position 
is not known. Some d-glucose is usually present along with the d-xylose 
among the products of hydrolysis of the hemicelluloses that give a colora- 
tion with iodine. O’Dwyer (2) states that these anhydroglucose units 
form a part of the hemicellulose molecule. There is some evidence for 
her statement (1). However, the d-glucose may come from traces of 
starch or dextrin present as an impurity. A hemicellulose from com- 
pression wood of white pine gave some d-mannose along with the d-xylose. 
A hemicellulose from normal wood of white pine gave both d-glucose and 
d-mannose together with d-xylose (3). Many plant mucilages (4), plant 
gums (5), and hemicelluloses (6) contain two or more different sugars in 
the molecule (7). It is not surprising therefore that some hemicelluloses 
rom hardwoods contain d-glucose along with the d-xylose, especially in 
‘he early stages of their formation. 

No attempt has been reported to determine the molecular size of hemi- 
celluloses by viscosity, ultracentrifuge, or x-ray measurements. If each 
hemicellulose molecule contains one monomethoxyuronic acid, it is possible 
to estimate the length of the chain from the percentage of either the carbon 
dioxide or the methoxyl. However, this method is open to the same 
criticism that has been made of end-group studies in calculation of the size 
of the cellulose and starch molecules. 

O'Dwyer (2) reported the isolation from oak wood of ‘a soluble poly- 
uronide consisting of a monomethoxyuronie acid combined with 6 molecules 
of d-xylose. In general the hemicelluloses of hardwoods are mixtures of 
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molecules varying in size from approximately 7 to approximately 19 mole- 
cules of d-xylose combined with 1 molecule of a monomethoxyuronic acid 
(1). They seem to bear the same relation to each other that the dextrings 
bear to each other and to starch. The work of Sands and Gary (8) and of 
Sands and Nutter (9) agrees with this conception of the hemicellulose 
molecule. 

It is not known whether the hemicellulose molecules in the cell wall are 
of uniform or variable size. The reagents used in isolating and purifying 
them may cause partial hydrolysis. However, it is known that some 
mucilages vary in molecular size (4). Also, inulin which is isolated at 
different seasons consists of varying mixtures of polyfructose molecules 
(10). These materials probably exist as mixtures in the plant, since water 
alone is used in their isolation. This suggests that the hemicelluloses may 
also vary in chain length, as they exist in the cell wall. 

In hemicelluloses from hardwoods the aldehyde group of the uronic acid 
is joined by a glycosidic union to a hydroxyl group on d-xylose. The 
various units of d-xylose are joined to each other by similar glycosidic 
linkages. It is not known which hydroxyl group is involved in these 
linkages nor is it known whether the linkage is a or 8. However, during 
the hydrolysis of the hemicelluloses to aldobionic acids there is a gradual 
shift from strong levorotation to strong dextrorotation. Furthermore, 
while little is known as to the action of enzymes on the free hemicelluloses, 
malt diastase does not hydrolyze appreciably those from hardwoods. 
These facts indicate the presence of 8-glycosidic linkages. 

The hemicelluloses are not dissolved out of plant materials by water but 
after they have been dissolved by alkali and reprecipitated by an acid they 
are soluble to some extent in water. This suggests that they are joined 
by an ester linkage between the carboxyl group of the uronic acid and a 
hydroxyl group of some cell wall constituent. This hydroxyl group might 
be on lignin, cellulose, or another hemicellulose molecule. The last named 
structure would give rise to a long branching chain of hemicellulose mole- 
cules similar in a general way to the structure suggested for starch by 
Staudinger (11). 

Other materials are usually dissolved out of plant products by alkali 
along with the hemicelluloses. Frequently these other materials seem to 
be combined with the hemicellulose and are left insoluble when the hemi- 
cellulose is hydrolyzed by acids. It seems probable that in the cell wall the 
hemicellulose molecule is attached at one end by an ester linkage with 
some cell wall constituent while at the other end it is attached by a glyco- 
sidiec union with some other cell wall constituent, possibly lignin (12). 
When plant materials are treated with alkali, the ester linkage is broken 
and the alkali salt of the hemicellulose dissolves, carrying into solution 
with it the lignin or other material. 
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Any suggestion as to the origin of the hemicelluloses must take into 
account the occasional presence of d-glucose, d-mannose, and d-galactose 
along with the pentoses in the hemicellulose molecule. Furthermore the 
type of glycosidic linkage, whether @ or 8, and the location of the oxygen 
bridge must be considered. ‘The hemicelluloses of hardwoods might be 
formed from cellulose, starch, dextrin, or from simple sugars. The sta- 
bility of cellulose suggests that it is not the source of the hemicelluloses. 
Starch, or more likely dextrin, is probably their source. If the primary 
alcohol groups of dextrin were oxidized to carboxyl, the resulting uronic 
acid could by decarboxylation give rise to hemicelluloses. Such a material 
coming from dextrin should be an a-glycoside and should have a 1—4 oxygen 
linkage. It is a fact that the polyuronide hemicelluloses obtained from 
hardwoods approximate the size usually ascribed to the dextrins. 

Living cells utilize simple sugars in the synthesis of innumerable com- 
pounds. Some organisms utilize sugars in the synthesis of polyuronides 
similar in their general structure to the hemicelluloses (13). It is quite 
possible that plants may synthesize hemicelluloses directly from d-glucose 
or d-galactose. In this case one might expect to find any of the common 
pentose and hexose sugars in the hemicellulose molecule. Furthermore 
there would be no limitation to the kind of linkage and to the position of 
the oxvgen bridge. 

EXPERIMENTAL 

Material Used—-In order to learn more about the composition, structure, 
and possible origin of hemicelluloses from dicotyledonous trees, the cotton- 
wood, Populus macdougali, was chosen for study. This tree is quite 
different from the oak, black locust, and other hardwoods previously 
studied. Branches, approximately 2 inches in diameter, which were known 
to be the growth of the previous season, were cut in late December and 
allowed to dry in the air. The bark was removed and the wood converted 
to a powder. 

Extraction of Hemicelluloses and Pectic Materials—The powdered wood 
was thoroughly extracted with acetone, hot ethanol, and hot water. The 
extraction with hot water was continued until the extract no longer gave 
the iodine test for starch. 

The hemicelluloses and pectic materials were isolated, purified, and frac- 
tionated before and after chlorination of the wood, as described in previous 
publications (1). The total yield of the purified hemicellulose was 10 per 
cent of the weight of the wood. A later extraction gave a much higher 
yield of the hemicellulose. The total yield of the purified pectic material 
was 1.5 per cent of the weight of the wood. All of the hemicelluloses and 
pectic materials isolated before chlorination of the wood gave a positive 
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test for starch. None of those isolated after chlorination of the wood gaye 
any test for starch. 

Fractionation and Analysis of Hemicelluloses—Four fractions of the 
hemicellulose were obtained and analyzed. Fractions A and C were the 
water-insoluble hemicelluloses obtained respectively before and after 
chlorination of the wood. Fractions B and D were the water-soluble por- 
tions obtained respectively before and after chlorination of the wood, 
Fractions A and B were further separated into Fractions A; and Ag, B, 
and Be, in which A; and B; are the less soluble portions while A, and B, 
are the more soluble portions. Fractions C and D were not further sepa- 
rated. In Table I are given the analytical results obtained on Fractions 
Ay, Bz, C, and D. Fractions Az and B, gave results intermediate between 
those of Fractions A; and B. and these results are not included in Table I. 


TABLE I 


Analyses of Hemicelluloses Obtained from Cottonwood 


Fraction A; | Fraction Bz Fraction C | Fraction D 
Carbon dioxide, % rer i 3.12 4.15 3.08 3.42 
Methylated uronic acid, % 14.70 19.57 14.47 16.12 
Xylan, % 83.90 78.30 83.90 81.10 
Total, %.. 98 . 60 97 .87 98 .37 97 .22 
Methoxyl, % 2.69 3.70 2.25 2.48 
[a]p, degrees —70.8 —53.0 —73.4 —64.2 
Equivalent weight 1410 1060 1428 1287 
Xylan units 9.1 6.5 9.2 8.1 


Starch test 1. 4 a = 


Discussion of Analytical Results—The analytical results indicate that the 
hemicelluloses from cottonwood are smaller than those from woods pre- 
viously studied (1). This would seem to indicate that hemicelluloses from 
different woods really vary in size. There are other possible explanations, 
such as difference in age of the wood and possible seasonal variation. The 
fact was noticed again that the hemicelluloses obtained after chlorination 
of the wood were not colored by iodine, while those obtained before 


chlorination were so colored. This may be because the material giving 
the color is an impurity which is removed during chlorination. However, 
it may be that the surface layers of hemicellulose are in a transition stage 
and still have some starch attached, while the deeper layers of hemicellu- 
lose no longer contain any glucose units. 

Hydrolysis of Hemicelluloses—Weighed amounts of the hemicelluloses 
obtained before and after chlorination of the wood were hydrolyzed sepa- 
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rately and the sugars and barium salts were isolated as previously described 
(1). Large amounts of crystalline d-xylose and small amounts of crystal- 
line d-glucose were obtained from Fractions A and B. Crystalline d-xylose 
was the only sugar obtained from Fractions C and D. The d-xylose was 
identified by its [a]? = +18.5° and by Bertrand’s reaction (14). The 
d-glucose was identified by conversion to saccharie acid (15). 

The barium salt obtained by hydrolysis of Fractions A and B was 
analyzed with the following results: 8.12 per cent carbon dioxide, 5.66 
per cent methoxyl, [a] = +67.5°. The theoretical percentages for a 
barium salt of a monomethoxyuronic acid combined with 2 xylan units 
would be 8.15 per cent carbon dioxide and 5.74 per cent methoxyl. 

Pectic Materials The pectic materials obtained before and after chlo- 
rination of cottonwood were combined, purified, and analyzed as described 
in previous publications (16). The presence of large amounts of d-galac- 
turonic acid in the purified pectic material was established by the method 
of Heidelberger and Goebel (17). The pectic material had the general 
physical and chemical properties of pectic acid. On analysis it gave the 
following results: 18.5 per cent carbon dioxide, 19 per cent furfural, 
[a] = +216°. When it was dissolved in dilute ammonium hydroxide, 
filtered, and acidified with acetic acid, and calcium chloride solution added, 
it gave calcium pectate, insoluble in large amounts of boiling water. 


SUMMARY 


Previous work bearing on the composition, structure, and origin of the 
polyuronide hemicelluloses of hardwoods is reviewed. The isolation of 
hemicelluloses and pectic materials from cottonwood is described. These 
hemicelluloses form a mixture of molecules consisting of a methoxyuronic 
acid combined with a chain of between approximately 7 and 9 xylan units. 
These hemicelluloses are smaller than those previously described. Those 
obtained before chlorination of the wood gave the iodine test for starch, 
while those obtained after chlorination of the wood did not give this test. 
After hydrolysis of the hemicelluloses, a barium salt was isolated which 
consisted of a methoxyuronic acid combined with 2 molecules of d-xylose. 
The composition of these hemicelluloses suggests that they originate by 
partial oxidation and decarboxylation of starch or dextrin. Pectic ma- 
terials were isolated that appear to be identical with pectic acid. 
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A number of studies have recently been reported (1-8) to indicate that 
osmotic equilibrium between the intracellular and extracellular compart- 
ments of skeletal muscle is attained chiefly by a transfer of water. Since, 
in the normal animal, the composition of the intracellular fluids remains 
relatively constant, it is believed that the concentration of sodium in the 
extracellular fluids plays a prominent réle in the exchanges of water be- 
tween the two compartments. Thus, a loss of extracellular electrolyte 
(sodium) with little change in total body water leads to an increase of in- 
tracellular water, while a gain of extracellular electrolyte (sodium) with 
little change in total body water leads to a decrease of intracellular water. 
On the other hand, a gain or loss of extracellular electrolyte of isotonic con- 
centration leads to an increase or decrease of the extracellular volume with 
little or no exchange of water between the extracellular and intracellular 
compartments. 

The experiments included in this paper were undertaken for the follow- 
ing purposes: (1) to observe the electrolyte and water exchanges between 
the extracellular and intracellular compartments of skeletal muscle accom- 
panying an acute loss of extracellular electrolyte, with little change in total 
body water, and to observe if any subsequent exchanges occur when the 
loss of extracellular electrolyte is allowed to persist for reasonably pro- 
longed periods, and (2) to observe the electrolyte and water exchanges be- 
tween the extra- and intracellular compartments of skeletal muscle which 
accompany the simultaneous loss of extracellular electrolyte and water, 
induced by the loss of the gastric secretions through vomiting as the result 
of pyloric obstruction. 


Methods and Calculation 


Adult male dogs were used in this study and were placed on a constant 
diet (the diet suggested by Nilson (9) supplemented by 5 gm. of NaCl per 


* Aided by a grant from the John and Mary R. Markle Foundation. 

A preliminary report upon this work was presented before the meeting of the 
American Society of Biological Chemists at Chicago, April, 1941 (Proc. Am. Soc. 
Biol. Chem., J. Biol. Chem., 140, p. Ixxxix (1941)). 
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} day) for a period of at least 7 days before the experiments were undertaken. 
The control blood was withdrawn under oil from the femoral artery 24 
hours after the last feeding and placed under oil in a special centrifuge 


i tube containing heparin to prevent clotting. The sample was then centri- 

fuged immediately for the plasma analyses. Skeletal muscle (lumbar por- 
tion, sacrospinalis) was obtained under sodium pentobarbital anesthesia 
as quickly as possible following the collection of the blood and was sampled 
E for the several analyses in the manner previously described (6). 


After the animals had been allowed to recover from the control muscle 
biopsy (4 to 6 days), the loss of extracellular electrolyte was induced in 
the following ways. In the first group of experiments an acute loss of 
extracellular electrolyte with little change in total body water was pro- 
duced by the familiar procedure (1) of injecting 100 ec. of 5 per cent glucose 
solution per kilo of body weight intraperitoneally and subsequently re- 
moving a volume of fluid equal to that injected 43 hours after the injection. 


The experimental arterial blood and skeletal muscle samples were obtained 
in one series of animals immediately after the removal of the peritoneal 
fluid. In a second series, the animals were maintained for periods of 5 to 


(} days following the removal of the peritoneal fluid on a diet with a very 
low sodium chloride content and distilled water ad libitum, or no food and 
distilled water ad libitum, before the experimental arterial blood and 
skeletal muscle samples were obtained. In the second group of experi- 
ments a simultaneous loss of extracellular electrolyte and water was pro- 
bi duced by the loss of the gastric secretions through vomiting as the result 
of obstructing the pylorus by a surgical tape ligature. Experimental arte- 
rial blood and skeletal muscle samples were obtained at the intervals indi- 
cated in Table III. 
q The following determinations were carried out on the plasma: water, 
chloride, sodium, and potassium; on the skeletal muscle: water, chloride, 
sodium, potassium, total neutral fat, and total nitrogen. The chemical 
methods were the same as those employed in previous papers (6, 10), except 
that the potassium of plasma and muscle was determined on the aqueous 
solution of the ash by adapting the photoelectric method of Tenery and 
| Anderson (11). 

The volumes of the extracellular (F) and intracellular (C) phases of 
muscle were calculated in the manner outlined by Hastings and Fichel- 
berger (2), which is based on the assumption that all the chloride is extra- 
cellular and is present at a concentration equal to that of an ultrahitrate 
of plasma. In order to approximate the volume changes produced in the 
extra- and intracellular phases of 1 kilo of original muscle, the calculations 
were made relative to the control series, assuming a constant solid of the 
intracellular phase.' 


1 Collagen nitrogen determinations were also carried out on the skeletal muscle 
samples by the method of Spencer, Morgulis, and Wilder (12). These data have 
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The partition of electrolytes (sodium and potassium) between the extra- 
and intracellular phases of muscle was carried out as described by previous 
authors (2, 14). That is, the extracellular electrolyte per kilo of muscle 
equals the product of the volume of extracellular water and the concentra- 
tion of electrolyte in extracellular water, while the intracellular electrolyte 
per kilo of muscle equals the difference between the total electrolyte and 
the electrolyte located in the extracellular phase. The experimental values 
herein reported for intracellular sodium and potassium are given in terms 
of a kilo of intracellular water and have been corrected to an intracellular 
solid content equal to that of the control. 


EXPERIMENTAL 


Control Observations—A summary of the data obtained from the analysis 
of plasma and of skeletal muscle from seventeen normal dogs is given in 
Table I. These data are in good agreement with those previously reported 
from this laboratory (6, 10). It might be pointed out, however, that 
slightly higher mean values for sodium, potassium, and water of skeletal 
muscle were obtained in the present series. 

Acute Loss of Extracellular Electrolyte, with Little Change in Total Body 
Water. Immediate Changes—The results of the analysis of plasma and of 
skeletal muscle from five dogs, obtained immediately after the removal of 
the peritoneal fluid (43 hours after the injection of 5 per cent glucose solu- 
tion), are presented in Table II. By comparing these data with those 
given in Table I, it will be observed that there was a fall in the plasma chlo- 
ride and sodium concentrations and a decrease in the plasma water content. 
Similarly the skeletal muscle chloride and sodium contents also became 
lowered; however, the muscle water remained essentially unchanged. The 
mean potassium figures for plasma and skeletal muscle were slightly below 
the controls, but the changes are probably insignificant. 

With the acute loss of extracellular electrolyte there was a decrease in 
the extracellular phase (F) and a gain of intracellular water {| H.O}.. 
Thus, before injection, the normal extracellular phase (Ff) of 1 kilo of 
skeletal muscle amounted to 158 gm., with a standard deviation (c) of 
+15 gm. (Table 1). Immediately after the removal of the peritoneal fluid 
the mean values of (F) and {H2O}, amounted to 115 and 738 gm., respec- 
tively. It will be observed that the change produced in the bulk of 1 kilo 


not been included in the present paper nor have the calculations of the extracellular 
phase (connective tissue phase) based on the connective tissue content. This omis- 
sion was made for the reason that the same conclusions could be drawn whether or 
not the connective tissue content was taken into account. In addition, the recent 
report by Lowry, Gilligan, and Katersky (13), indicating that the method of Spencer, 
Morgulis, and Wilder yields variable high results, makes it desirable to redetermine 
the collagen nitrogen content of normal dog skeletal muscle by the procedure de- 
scribed by the former authors. 
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of muscle amounted to an average increase of 13 gm. per kilo of control 
muscle, AJ/, consisting of an average 54 gm. increase in the intracellular 
phase, AC, and an average 41 gm. decrease in the extracellular phase, AF, 

The partition of sodium and potassium between the extra- and intra- 
cellular compartments of skeletal muscle revealed that in normal muscle 
(Table 1) the ‘‘excess’”’ sodium which can be located in the intracellular 
phase, {Na}., amounted to 12.7 milliequivalents, ¢ +4.7 milliequivalents, 
per kilo of intracellular water, while the intracellular potassium per kilo 


TABLE I 


Electrolyte and Water Content of Plasma and Skeletal Muscle of Seventeen Normal Dogs 


Mean 
Chloride, m.eq.T 120.5 
Sodium, m.eq.T 156.3 
Potassium, m.eq.T 3.1 
Water, gm. 918.4 


Extracellular phase, (Ff), gm. 
Intracellular water, (H,O),, 


gm. 
Intracellular water, |H,O}., 
gm.§.. 
Intracellular sodium, {|Na},, 
m.eq.|| 


Intracellular potassium, {| K},, 


m.eq. 


* Lumbar portion, sacrospinalis. 


Plasma 


Maxi Mini- —_— 
mum mum , 


125 115 | 2.9 19.8 

162 146) «3.5 31.1 

5 2 | 0.6 88.5 

937 905 7.1 764.0 
158 


608 


~J 
tw 
to 


145.0 


Muscle* 
Maxi- | Mini- 
mum mum 

24 16 

34 22 

9S 78 

782 750 
182 133 
630 582 
744 709 

20 l 

162 128 


o 


2.0 
3.1 
6.0 
8.4 
15 


+ Plasma values are expressed in terms of 1000 gm. of water and muscle values 


in terms of 1000 gm. of fat-free muscle. 
t Plasma water is expressed as gm. per kilo. 


§ Per 1000 gm. of muscle cells. 


|| Per 1000 gm. of intracellular water. 


of intracellular water, | K}., amounted to 145.0 milliequivalents, ¢ +11.7 
milliequivalents. In the animals studied following the acute loss of extra- 
cellular electrolyte the amount of sodium which could be located in the 


intracellular phase became reduced. 


The mean value of {Na}. was found 


to be 4.4 milliequivalents, with a range of from 13 to 0 milliequivalents. 
(While the lowest value of { Na}, is indicated as 0, actually, in two animals, 


the ‘“‘excess’”’ sodium was slightly negative.) 


The mean intracellular potas- 


sium, {K}., was found to be 141.9 milliequivalents, which is only slightly 
below the mean control value. 

From these results it would appear that, in normal dogs, an acute loss 
of extracellular electrolyte with little change in total body water is accom- 
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panied by a transfer of water from the extracellular to the intracellular 
compartment of skeletal muscle. Further, such a loss of extracellular 
electrolyte and exchange of water may be associated with a decrease in the 
amount of ‘‘excess’”’ sodium which can be located in the intracellular phase 
and with little or no change in the amount of intracellular potassium. 


TABLE II 


Electrolyte and Water Content of Plasma and Muscle from Dogs Following 
Intraperitoneal Injection of 5 Per Cent Glucose 


Five dogs 44 hrs. after injection (Seven dogs 5 or 6 days after injection 


Plasma Muscle* 











| 
Plasma Muscle* | 
lele lele| le 
Se Teigi & ais $ j|a/s By a] 8 
SSIS See s |3/5 
| |- | ba mG 
Chloride, m.eq.t 100.9,102/100) 12.1) 15) 10)107.4/114| 92} 13.3) 15) 12 
Sodium, m.eq.t 140.1 143/134) 18.0) 21| 13|149.2 156|130 22.8] 27] 17 
Potassium, m.eq.Tt 3.0) 4 2| 85.3, 92) 80) 3.7, 5 2) 90.6) 107) 67 
Water, gm.t 889.9 900'881| 767.5! 770) 762/909.3:918/905| 765.3] 774] 753 
Extracellular phase, (F), } 

gm. 115 | 139) 93) 119 | 132] 109 
Intracellular water, | | 

(H,O)., gm. | | 64 | 670) 632) 648 | 658) 629 
Intracellular water, 

(HO}., gm.§ 738 | 742) 734/ | 736 | 744) 724 
Intracellular sodium, 

(Na}., m.eq 4.4, 13) 0 | 9.7| 17) 3 
Intracellular potassium, 

{K}., m.eq. 141.9) 154) 135 | 149.0; 175) 108 
AM, gm. per kg. 13 28|— 10) | | 4 44|—46 
— = i Ss 54 | 463) +38) | | 42 74, 8 
AF, “ | [41 |-65\-15, =| | |-88 |-84|—29 





*Lumbar portion, sacrospinalis. 
+ Plasma values are expressed in terms of 1000 gm. of water and muscle values 


in terms of 1000 gm. of fat-free muscle. 
t Plasma water is expressed as gm. per kilo. 
§ Per 1000 gm. of muscle cells. 
Per 1000 gm. of intracellular water and corrected to an intracellular solid content 


equal to that of the control. 


Maintained Extracellular Electrolyte Loss—The data obtained on seven 
dogs maintained for periods of 5 or 6 days, after the removal of the peri- 
toneal fluid, on a diet very low in sodium chloride content, or with no food, 
and water ad libitum? are also given in Table II. By comparing the plasma 

2 Since no significant differences were observed between the animals allowed food 
and those in which food was withheld, the data have been grouped together. 
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and skeletal muscle changes encountered in these animals with those of 
the preceding experiment, a marked similarity will be noted. Thus, al- 
though the several values tended to return to normal, deficits of the plasma 
chloride and sodium concentrations, of the plasma water content, and of 
the skeletal muscle chloride and sodium still persisted. Further, the water 
content of the skeletal muscle remained unchanged. The mean _ potas- 
sium figures for plasma and skeletal muscle were slightly greater than the 
mean levels found in the controls; however, these changes are probably 
without real significance. 

In the animals with maintained extracellular electrolyte loss, there was 
a persistence in the decrease of the extracellular phase, (7), and in the gain 
of the intracellular water {|H:O}.. Thus, the mean values of (F) and 
{H,O}. were found to be 119 gm. per kilo of muscle and 736 gm. per kilo 
of muscle cells, respectively. The change produced in the bulk of 1 kilo of 
muscle amounted to an average increase of 4 gm. per kilo of control muscle, 
AM, consisting of an average 42 gm. increase in the intracellular phase, 
AC, and an average 38 gm. decrease in the extracellular phase, AF. It 
will be noted that these calculated changes are essentially the same in mag- 
nitude as those encountered in the animals which were studied immediately 
after the removal of the peritoneal fluid. 

The partition of sodium and potassium between the extra- and intracel- 
lular compartments of the skeletal muscle in the two groups of animals re- 
vealed that, on the average, there was a greater “excess” of sodium which 
could be located in the intracellular phase of the animals with maintained 
extracellular electrolyte loss. In the latter animals the average intracel- 
lular sodium was found to be 9.7 milliequivalents per kilo of intracellular 
water, while in the animals studied immediately after the removal of the 
peritoneal fluid the average figure was 4.4 milliequivalents. In the animals 
with maintained extracellular electrolyte loss, the average intracellular po- 
tassium was found to be 149.0 milliequivalents per kilo of cell water. Al- 
though the latter figure is somewhat higher than the average figure of 145.0 
milliequivalents obtained in the control series, the difference is of question- 
able significance. 

From these results it would appear that, in normal dogs, the gain of 
skeletal muscle cell water which accompanies an acute loss of extracellular 
electrolyte with little change in total body water may persist for reasonably 
prolonged periods, provided extracellular electrolyte replacement is pre- 
vented. Further, with such a prolonged increase in cell water of the skel- 
etal muscle, there may be little or no change in the amount of intracellular 
potassium. 

Simultaneous Loss of Extracellular Electrolyte and Water during Pyloric 
Obstruction—Data for six dogs with pyloric obstruction are presented in 
Table III. It will be seen that, with the exception of Dog C-4, there was 
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a fall of the plasma chloride concentration, reaching the lowest level of 80.4 
milliequivalents in Dog C-6. In connection with Dog C-4 an attempt was 
made to decrease the rapidity of dehydration by withholding fluid; how- 
ever, the blood and skeletal muscle samples were taken for analysis the 2nd 
day postoperative, since the animal appeared critically ill. The plasma 
water content fell in each experiment, reaching levels found in the animals 
with acute extracellular electrolyte loss. Despite the loss of total extracel- 
lular electrolyte from the body, the concentration of sodium in the plasma 
tended to be maintained, which is in harmony with previous experimental 
and clinical findings. In two instances (Dogs C-1 and C-4) the plasma 
sodium concentration was actually found to be in excess of normal. In 
three animals (Dogs C-2, C-3, and C-5), a small plasma sodium deficit was 
encountered. However, when the loss of electrolyte and water was more 
prolonged (Dog C-6), an appreciable fall in the plasma sodium concentra- 
tion occurred. 

Although the electrolyte and water changes of the skeletal muscles were 
not entirely consistent, the muscle chloride tended to be reduced in each 
experiment and the greatest deficits were found in the animals (Dogs C-2 
and C-6) with the lowest plasma chloride concentrations. Likewise, the 
muscle sodium tended to be lowered in the four animals in which the 
analyses were carried out, reaching an unusually low level in Dog C-2. 
The determinations of skeletal muscle potassium which were carried out 
on the same four animals revealed elevated levels in two animals (Dogs C-1 
and C-4) and values within the normal range of variation in the remaining 
two animals. The skeletal muscle water appeared to be reduced in Dog 
('-4, to be somewhat below the control level in Dogs C-1 and C-5, and to be 
increased in Dog C-3. 

With a simultaneous loss of extracellular electrolyte and water of isotonic 
concentration, a contraction of the extracellular phase of skeletal muscle, 
with little or no exchange of water between the extra- and intracellular 
compartments, may be anticipated. Under these circumstances the 
changes of the phases of 1 kilo of muscle relative to the control should be 
represented by a decrease in the bulk of the muscle attributable solely to 
a decrease in the bulk of the extracellular phase. From the data recorded 
in Table III, it will be observed that in agreement with the above interpre- 
tation SF was negative in each experiment. Likewise, with the exception 
of Dog C-3, which had an unexplainably high skeletal muscle water con- 
tent, A was also found to be negative. It will be noted, however, that 
changes in the bulk of the intracellular phase (AC) were also encountered. 
In certain of the experiments the direction of the changes in the bulk of the 
intracellular phase can be quite satisfactorily explained, since in no instance 


was there a removal of extracellular electrolyte and water of isotonic con- 
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centration. Thus, on the basis of the plasma sodium concentration and 
the plasma water content, it would appear that in Dogs C-1 and C-4 the 
condition is comparable to the removal of a hypotonic solution. Under 
such a circumstance the decrease in the bulk of the muscle should be accom- 
panied by a decrease in the bulk of both the intracellular and extracellular 
phases. In accord with the latter interpretation it will be observed that 
in Dogs C-1 and C-4 the changes produced in the bulk of 1 kilo of muscle 
amounted to decreases of 49 and 83 gm. per kilo of control muscle, respec- 
tively, consisting in each case of decreases in the bulk of both the intracel- 
lular and extracellular phases. Similarly, on the basis of the plasma 
sodium concentration and the plasma water content, it would appear that 
in Dogs C-3 and C-6, and probably in Dogs C-2 and C-5, the condition is 
comparable to the removal of a hypertonic solution. If this were true, the 
decrease in the bulk of the muscle should be accompanied by a decrease in 
the bulk of the extracellular phase and a relatively smaller increase in the 
bulk of the intracellular phase. It will be observed that, in direction, such 
anticipated changes were realized in Dogs C-2 and C-6. Similarly, in Dog 
C-3 the direction of the changes in the bulk of both the extracellular and 
intracellular phases was in accord with the above interpretation. How- 
ever, because of the unusually high skeletal muscle water content in this 
ease, there was an increase in the bulk of the muscle, associated with a rela- 
tively large increase in the bulk of the intracellular phase and a smaller 
decrease in the bulk of the extracellular phase. It will be observed that in 
Dog C-5 the findings are not in accord with the anticipated changes, since 
the decrease in the bulk of the muscle was accompanied by a decrease in 
the bulk of the intracellular phase as well as in the bulk of the extra- 
cellular phase. 

In the four animals in which it was possible to partition the sodium and 
potassium between the two compartments of muscle it was found that 
there was a tendency toward a decrease in the amount of ‘“‘excess’”’ sodium 
which could be located in the intracellular phase. There was an apparent 
gain in the amount of intracellular potassium in two animals (Dogs C-1 and 
C-4), a tendency toward a loss of intracellular potassium in one animal 
(Dog C-2), and little or no change of intracellular potassium in the remain- 
ing animal. It will be observed that there was no correlation between 
these changes of intracellular potassium and the amount of water which 
could be located in the intracellular phase. 


DISCUSSION 


The data herein reported offer further support to the view that the con- 
centration of sodium in the extracellular fluids plays an important réle in 
the exchange of water between the extra- and intracellular compartments 
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of skeletal muscle and that a transfer of water constitutes the principal 
adjustment in the maintenance of a uniform osmotic pressure. In a recent 
study Yannet and Darrow (7), experimenting with cats, critically examined 
the magnitude of the shifts of water which accompany changes in the con- 
centration of extracellular electrolyte and the relation of these changes to 
alterations in the electrolyte pattern of the cell. Among other things these 
authors found that in the case of the skeletal muscle the shifts of water into 
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Fic. 1. Correlation between the extracellular sodium concentration and the 
intracellular solid content of skeletal muscle. The solid line was constructed by the 
method of least squares and the figures in the parentheses indicate the number of 
observations taken to compute the average intracellular solid content. The broken 
line indicates theoretical change, the calculations being made on the assumption of a 
constant intracellular potassium content. 


cells in response to decrease in concentration of extracellular sodium were 
only about two-thirds that predicted by the assumption that the sole ad- 
justing mechanism is a transfer of water between the extra- and intracel- 
lular compartments. In an attempt to make a similar evaluation in the 
case of the skeletal muscles of dogs, the extracellular sodium concentration 
and the intracellular solid content per kilo of intracellular water of the 
present series of animals and those previously reported® (6) were plotted 

* Data from three animals, not reported, with external pancreatic fistula, two of 
which were given NaCl and NaHCO;,, are also included. 
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against each other. Although such a plot revealed a definite trend, it must 
be frankly stated that there was a considerable scattering of points. How- 
ever, when the average intracellular solid content per kilo of intracellular 
water for a given range of extracellular sodium concentration was plotted 
against the extracellular sodium concentration, the points fell along the 
solid line indicated in Fig. 1. The broken line was constructed for compar- 
ative purposes and represents calculated changes of the intracellular solid 
content with a change of the extracellular sodium concentration, on the 
assumption of a constant intracellular potassium content. It will be noted 
that the observed change in the intracellular solid content per unit change 
of extracellular sodium concentration is somewhat less than the calculated 
change. Although these data are admittedly not entirely satisfactory, it 
would appear, in agreement with the findings of Yannet and Darrow (7), 
that on the average the gain or loss of water by the skeletal muscle cells of 
dogs in response to a change in the extracellular sodium concentration is 
only about 60 to 70 per cent of that predicted by the assumption that os- 
motic adjustment is attained solely by a transfer of water between the 
extra- and intracellular compartments. 

The comparatively small changes of the cellular potassium which were 
encountered in the animals with acute and prolonged extracellular electro- 
lyte loss tend to indicate that under the conditions of the experiment the 
barrier separating the extra- and intracellular compartments of skeletal 
muscle remained relatively impermeable to potassium. In this connection 
Hamilton and Schwartz (15) were also unable to detect any change of cell 
potassium in skeletal muscle in dogs with uncomplicated dehydration, as 
produced by water deprivation. Similarly, Eichelberger was unable to 
demonstrate any retention of potassium in the skeletal muscle of normal 
dogs (8) and of dogs with a single hydronephrotic kidney (16) following in- 
creases in total body water and body potassium produced by the intrave- 
nous injection of large volumes of isotonic sodium chloride containing po- 
tassium. Such observations are of interest in view of the continually 
mounting evidence that the cellular membranes of skeletal muscle are per- 
meable to potassium. 


SUMMARY 


A study has been made of the electrolyte and water exchanges between 
skeletal muscle and plasma in dogs (1) following the acute loss of extracel- 
lular electrolyte with little change of total body water, (2) following pro- 
longed periods of extracellular electrolyte loss, and (3) following the 
simultaneous loss of extracellular electrolyte and water, produced by the 
loss of the gastric secretions through vomiting as the result of pyloric ob- 
struction. The pertinent findings may be briefly summarized as follows. 

1. An acute loss of extracellular electrolyte with little change of total 
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body water was found to be accompanied by a transfer of water from the 
extra- to the intracellular compartment of muscle. In addition, there was 
found to be a decrease in the amount of “excess” sodium which could be 
located in the intracellular phase and little or no change in the amount of 
intracellular potassium. 

2. When extracellular electrolyte replacement was prevented, the hydra- 
tion of the intracellular fluids and dehydration of the extracellular fluids 
which accompany an acute loss of extracellular electrolyte were found to 
persist for periods of 5 or 6 days. During this interval there was little or 
no change in the amount of intracellular potassium, while the average “‘ex- 
cess’”’ sodium tended to return to normal, accompanying a tendency toward 
the restoration of the plasma sodium concentration. 

3. The data obtained on the animals following the simultaneous loss of 
extracellular electrolyte and water were not entirely consistent. However, 
in the majority of the experiments, the directions of the fluid exchanges in 
the muscles could be correctly predicted on the basis of the plasma sodium 
concentration and the plasma water content. 

The results of the study were discussed briefly, with particular attention 
to the importance of the concentration of sodium in the extracellular fluids 
in controlling the exchange of water between the extra- and intracellular 
compartments of muscle and to the significance of the transfer of water 
in the maintenance of a uniform osmotic pressure. 
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CHANGES OF THE PLASMA VOLUME AND “AVAILABLE 
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(From the Departments of Biochemistry and Surgery, School of Medicine, Western 
Reserve University, Cleveland) 


(Received for publication, May 1, 1942) 


As the result of a large amount of experimental work it is now well rec- 
ognized that a close relation exists between the volume of water and the 
total amount of sodium in the extracellular compartment of the body. This 
being true, a loss of either water or sodium from the body is associated with 
a loss of the other constituent which, if continued, leads to symptoms of 
dehydration. On the basis of a view (1, 2) which has found general accept- 
ance, it would appear that during the early stages of dehydration the losses 
of sodium and water are for the most part at the expense of the interstitial 
fluids, the volume and composition of the plasma thereby being protected. 
In other words, the plasma volume falls, with a resultant increase of the 
plasma protein concentration and of the hematocrit, only when the inter- 
stitial fluid volume has become depleted to a certain minimum. It is evi- 
dent that if these conditions prevail, increasing levels of the plasma protein 
concentration and the hematocrit occur only after this critical loss is ex- 
ceeded. In addition, when such changes do occur, they offer little aid in 
evaluating the extent of loss of total extracellular fluid. Such a situation 
would obviously be unfortunate from the clinical point of view, when an 
early detection of dehydration and information as to the extent of extra- 
cellular electrolyte and water loss are desired. 

The experiments included in this paper were undertaken for the following 
purposes: (1) to obtain further information regarding the relation between 
the plasma volume and the “available (thiocyanate) fluid” and to ascer- 
tain the extent to which the volume of the plasma is sustained at the ex- 
pense of the interstitial fluid in experimental dehydration, and (2) to eval- 
uate the significance of changes of the plasma protein concentration and 
of the hematocrit in the detection of early and chronic dehydration. 


Methods 


Adult male dogs were used in this study and were placed on a constant 
diet for a period of at least 1 week before the experiments were undertaken. 
After the control observations had been completed, dehydration was then 


* Aided by a grant from the John and Mary R. Markle Foundation. 
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produced in the following manner: (1) by injecting 100 ce. of a 5 per cent 
glucose solution per kilo of body weight into the peritoneal cavity and then 
subsequently removing a volume of fluid equal to that injected 44 hours 
after the injection, (2) by permitting the loss of the pancreatic secretions 
through an external pancreatic fistula, (3) by inducing a loss of the gastro- 
intestinal secretions through vomiting as the result of obstructing the gas- 
trointestinal tract at various levels, and (4) by simple food and water 
deprivation. 

The following determinations were carried out in the control and experi- 
mental periods, after food had been withheld for the previous 18 to 24 
hours: the plasma volume and the ‘available (thiocyanate) fluid” by the 
direct method of Gregersen and Stewart (3) as adapted to the photoelectric 
colorimeter by Gibson and Evelyn (4), the total plasma protein concen- 
tration, in duplicate, by micro-Kjeldahl determination of 0.5 cc. of plasma, 
and the hematocrit, in quadruplicate and without dilution, in Van Allen 
(5) hematocrit tubes. 

Plasma volume and “available (thiocyanate) fluid’’ determinations were 
carried out in a series of forty-six adult male dogs, with a range of body 


weight from 9.0 to 26.6 kilos. The plasma volume was found to range . 


from 34 to 57 ec. per kilo and the ‘available (thiocyanate) fluid’”’ from 212 
to 370 ec. per kilo. As has already been pointed out by Gregersen and 
Stewart (3), there was found to be a general parallel between the values for 
the plasma volume and the “available (thiocyanate) fluid.”” For the series 
of forty-six dogs the mean of the ratio of “available (thiocyanate) fluid”’ to 
plasma volume was found to be 6.5, with a range of variation of from 5.3 to 
7.9. Although the differences were not too impressive, it was found, as was 
also noted by the above workers, that the ratio tended to be greater in the 
animals in which the volumes per kilo were high. It is now generally 
appreciated that no uniformity of the volumes can be realized in a series of 
“normal” animals of varying age, sex, weight, or breed. Consequently, it 
is necessary to compare the volumes of the plasma and ‘available (thio- 
cyanate) fluid’? encountered experimentally with the respective contro! 
levels for each animal, in order to evaluate more clearly any change from 
normal. 


EXPERIMENTAL 


Plasma Volume and “Available (Thiocyanate) Fluid” in Dehydration 
Following Intraperitoneal Injection of Glucose—The results which were ob- 
tained on nine dogs before and following the intraperitoneal injection of 5 
per cent glucose are given in Table I. In each instance a volume of fluid 
equal to that injected was removed 43 hours after the injection. Four ani- 
mals were studied immediately following the removal of the peritoneal fluid, 
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while the remaining five animals were maintained on a diet with a very low 
sodium chloride content, or no food, and water ad libitum for a period of 5 
or 6 days before the experimental determinations were carried out... From 
the data presented in Table I it will be seen that immediately following the 
removal of the peritoneal fluid there was a decrease in both the plasma vol- 
ume and the “available (thiocyanate) fluid.” In the case of the plasma 
volume the deficits amounted to from 30 to 37 per cent of the control vol- 
ume, while those for the ‘‘available (thiocyanate) fluid” amounted to from 
13 to 34 per cent of the control level. It will be observed, however, that 


TABLE I 
Changes of Plasma Volume and ‘“‘Available (Thiocyanate) Fluid” in Dogs Following 
Intraperitoneal Injection of 5 Per Cent Glucose 
100 ce. of glucose per kilo of body weight were injected and a volume of fluid equal 
to that injected was removed 4} hours after the injection. 


ae Change of volume pi Hematocrit ; 
Dog |< | Time after 
No trol removal of | 
} weight a * eG bs | Ex- f Bs. | peritoneal fluid 
Plas-| sow | Plas-| sew | Pls-| sen | Cour | peri | Cony | peri 
gm. gm. | 
Ae. = . ai - cent cent | 160 ce.| tae. cent cent 
A-3 | 19.2) 922 5330 —331/—1700, —36, —32 | 7.88 | 52.3) Immediately 
A-5 21.0 758 | 4450 —283/—1500| —37) —34| 6.46) 9.90) 51.6) 70.5) 
A-6 | 20.7) 934 | 5530 —278) —710| —30) —13) 7.21) 9.97) 43.0) 51.5 ¥ 
A-7 22.3) 759 | 4910, —264) —930) —35 — 19) 6.47, 8.05, 55.0) 69.0) : 
A-4 20.9 990 5980 —489, —950, —51) —16 5.99) 7.76 50.8) 57.6) 5 or 6 days 
A-& 22.9) 934 6110 —260' —690, —28) —11)/ 6.00) 6.82) 52.1) 51.455“ 6 “ 
A-9 24.3) 971 | 6400 —257/— 1150) —26) —18) 6.33) 7.87| 44.6) 56.3;5° 6 “ 
A-12 26.6 951 6520 —53 —750| —6) —12) 7.25) 7.70) 54.8 53.0:5° 6 “ 
A-13 22.0 934 6550 —136 —860 —15) —13, 6.55, 7.50) 50.4) 57.555“ 6 “ 


of the total loss of fluid from the extracellular compartment, the inter- 
stitial fluid (approximately equal to the “available (thiocyanate) fluid” 
minus the plasma volume) contributed a much larger amount. 

The results obtained on the five animals with prolonged extracellular 
electrolyte loss are of some interest, since it may be anticipated that during 
a period of 5 or 6 days some adjustment between the plasma and the inter- 
stitial compartment might take place. That is, an adjustment might con- 
ceivably occur in the direction of a restoration of the plasma volume at the 


1 Certain of the animals listed in Table I, as well as those with pyloric obstruction 
given in Table II, were also included in the previous study (6) dealing with the 
electrolyte and water exchanges between skeletal muscle and blood in dehydration. 
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expense of the interstitial fluid. 
of the animals there appeared to be some restoration of the plasma volume, 
since the deficits of plasma volume in per cent of the control levels were 


Dog Control Day post- 
No.* weight operative 


Plasma 
keg. | ce. 
B-2/} 9.0] 0O 475 
| ! 
| 6 
B-4 21.7 | 0 952 
1 
3 
6 
B-6 14.4 0 655 
2 
3 
5 
C-] 13.6 0 600 
1 
2 
C-2 19.4 0 836 
2 
C-3 15.2 0 SOS 
l 
C-4 14.0 0 591 
1 
2 
C-5 23.8 0 935 
l 
2 
CH 22.3 0 1148 
i 
l 
2 
3 


Control volumes 


SCN 


6020 


4350 


3760 


5680 


6600 
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It will be observed that in the majority 


TaBLe II 
Changes of Plasma Volume and “Available (Thiocyanate) Fluid’’ in Dogs with External 
Pancreatic Fistula and with Upper Intestinal Tract Obstruction 


Plasma 


— 206 


— 193 


—170 


—183 


— 386 


—176 


—53 
— 52 


—150 


— 190 


— 282 


— 388 


Change of volume 


Plasma 
protein 
SCN Plasma SCN 
ce. per ceni pad O00 = 
6.11 
6.92 
7.12 
— 1040 —43 --36 | 7.25 
6.62 
9.25 
7.45 
—1260 | —20 | —21 | 9.82 
5.82 
6.55 
s000 
— 1060 — 26 —24 9.61 
5.75 
7.86 
— 1050 —30 | —28 | 9.25 
5.78 
— 1120 —46 —21 8.70 
8.20 
—-560 -—20 | -—10/ 9.45 
6.24 
—610 -9 | -—15! 7.30 
— 330 -9 —8 | 8.03 
6.50 
—300 —16 —5 | 6.92 
—330 —25 —6 7.97 
6.86 
7.64 
—480  —25 —7 | 8.02 
8.7 


—720 —-#4 | -11 | 9.23 


Hemato- 
crit 


per ceni 


38.9 


39.3 
40.4 
46.9 
44.5 
37.9 
41.6 
46.9 


7 
55 
42 
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* Dogs B-2, B-4, and B-6 had external pancreatic fistulas and Dogs C-1 to C-6 had 
obstruction of the upper intestinal tract. 


somewhat less than those encountered immediately following the removal 
Similarly, however, there was also a tendency for 


of the peritoneal fluid. 


the ‘“‘available (thiocyanate) fluid” to return to normal. 


In these experi- 
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ments, therefore, little evidence was found to support the belief that the 
plasma volume is held at its normal level by adjustments in the interstitial 
compartment. 

Animals with External Pancreatic Fistula or with Pyloric Obstruction 
The results of a study of three dogs with dehydration produced by the loss 
of the pancreatic secretions through external pancreatic fistulas and of six 
dogs with dehydration produced by the loss of the gastric secretions by 
vomiting as the result of obstructing the pylorus are given in Table II. 
It will be observed that in every instance there was a fall of the plasma 
volume as well as of the “available (thiocyanate) fluid.”’ As in the pre- 
ceding experiments, it will be noted that of the total loss of fluid from the 
extracellular compartment, a larger amount was contributed by the inter- 
stitial fluid than by the plasma. However, the results again fail to demon- 
strate a maintenance of the plasma volume at the expense of the interstitial 
fluid during the course of dehydration. 

Animals with Intestinal Tract Obstruction at Various Levels and Animals 
Following Food and Water Deprivation—In an attempt to produce a slower 
rate of dehydration, obstruction was produced at the following levels of 
the intestinal tract: upper jejunum, two animals; terminal ileum, four ani- 
mals; and colon, three animals. In addition, food and water were withheld 
from four normal animals for periods of from 3 to 7 days. In Fig. 1 the per 
cent change of the plasma volume has been plotted against the per cent 
change of the “available (thiocyanate) fluid.” The changes observed in 
the previous groups of animals have also been included for comparative 
purposes. The solid line was constructed to indicate equal per cent 
changes of the two volumes. 

It will be observed that in only one instance was the plasma volume com- 
pletely sustained, with a fall of the “available (thiocyanate) fluid’’ (solid 
triangle indicating a change of the plasma volume of +4 per cent and a 
change of the “available (thiocyanate) fluid” of —22 per cent). This ob- 
servation was obtained on an animal with an obstruction of the terminal 
ileum, the 4th day postoperative. On the previous day the same animal 
exhibited changes of the plasma volume and “available (thiocyanate) fluid”’ 
of —7 and —15 per cent, respectively. The three additional observations 
which were carried out during the succeeding 8 days revealed a progressive 
fall of the plasma volume with little further change of the ‘‘available (thio- 
cyanate) fluid.”’ In all of the remaining animals studied, some fall of the 
plasma volume was found to be associated with the decrease of ‘‘available 
(thiocyanate) fluid.” It will be observed that a number of points fall to 
the left of the line, indicating some maintenance of the plasma volume at 
the expense of the interstitial fluid. However, the majority of the points 
fall to the right of the line. In addition, it will be observed that the plasma 
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volume was found to be reduced significantly in a number of the animals in 
which the “available (thiocyanate) volume” had become decreased by only 
10 per cent or less. 

Plasma Protein and Hematocrit Changes in Dehydration—The data which 
have been presented above lead to the conclusion that with an occasional 
exception a fall of the plasma volume constitutes an early change in experi- 
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PLASMA Votume — Per Cent CHANGE 


Fic. 1. Relation between the per cent change of the plasma volume and of the 
“available (thiocyanate) fluid” in experimental dehydration. The solid line repre- 
sents equal per cent changes of the two volumes. The symbols indicate the following 
experiments: O immediately after the removal of peritoneal fluid following the 
intraperitoneal injection of glucose (4), © 5 or 6 days after the removal of peritoneal 
fluid (5), @ pancreatic fistula (3), X obstruction of the pylorus (6), A obstruction 
of the upper jejunum (2), A obstruction of the terminal ileum (4), + obstruction 
of the colon (3), and @ food and water deprivation (4), where the numbers within 
the parentheses indicate the number of animals. 


mental dehydration. If this is true, an increase of the plasma protein con- 
centration and of the hematocrit should also be encountered in the early 
stages of dehydration. From the data presented in Table II it will be seen 
that in every instance the first determination of the plasma protein concen- 
tration carried out during the course of dehydration showed some elevation 
above the control level. Further, from the data presented in Tables I and 
II, it will be noted that during the periods of more prolonged dehydration 
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the plasma protein concentration continued to indicate qualitatively a 
plasma volume deficit. However, from the point of view of a quantitative 
indication of the plasma volume decrease, the changes of the plasma protein 
concentration would not appear to be as consistent. Thus, the fall of the 
plasma volume was calculated on the basis of the change of the plasma pro- 
tein concentration from the control level and compared with the plasma 
volume deficit measured directly. In the animals studied immediately 
following the acute loss of extracellular electrolyte (Table I), the calculated 
change was found to amount on the average to 91 per cent of the observed 
change. However, a similar calculation applied to the plasma protein 
figures in the five dogs with a maintained extracellular electrolyte loss 
revealed that the calculated change amounted on the average to only 71 
per cent of the observed change, with a range of variation from 43 to 104 
per cent. Likewise the plasma protein changes encountered in the experi- 
ments recorded in Table II failed to reflect accurately the plasma volume 
changes as measured directly. Attention might be called here to a finding, 
which will be discussed in more detail in a subsequent publication, that 
with considerably prolonged periods of dehydration the plasma protein 
concentration may actually fall to the control level or below, despite a 
rather marked deficit in plasma volume. For the sake of illustration, an 
animal studied for.a period of 14 days following an obstruction of the colon 
showed a progressive decrease of the plasma volume, the maximum deficit 
amounting to 35 per cent of the control value. Despite the fall of plasma 
volume the plasma protein concentration decreased progressively from a 
control level of 7.32 gm. to 5.37 gm. per 100 ce. From this, and other 
experiments, it would appear that inadequate food intake during prolonged 
periods of dehydration may have a pronounced effect upon the total cir- 
culating plasma protein. 

From the data presented in Table II it will be seen that with the excep- 
tion of Dog B-4, the hematocrit also showed some increase above the con- 
trol level in the early stages of dehydration. It would appear, however, 
that the changes of the hematocrit are equally as unreliable as those of the 
plasma protein concentration in detecting both qualitatively and quan- 
titatively the plasma volume deficits in the animals studied with prolonged 
periods of dehydration. Thus in Dogs A-8 and A-12 (Table I) with main- 
tained extracellular electrolyte loss, the hematocrit readings were found to 
be below the control levels despite a reduction of the plasma volume. A 
similar situation was encountered in the case of Dog B-4 (Table II), while 
in Dogs B-2 and C-6 it is immediately evident that the increases of the 
hematocrit and deficits of the plasma volume are not comparable. In gen- 
eral, the changes of the plasma volume calculated on the basis of the hema- 
tocrit exceeded the observed deficits in the animals with acute extracellular 
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electrolyte loss. In the remaining animals considerable variability was 
noted ; however, most frequently, the calculated changes of the plasma vol- 
ume were somewhat less than the observed deficits. 


DISCUSSION 


From his studies Gamble (1, 2) has come to the conclusion that with the 
loss of extracellular fluid during the course of dehydration the volume of 
the plasma tends to be maintained at the expense of the interstitial fluid, 
If this is true, the plasma volume can be expected to fall only after the 
interstitial fluid volume has become reduced to a certain minimum. That 
the interstitial fluid does serve to sustain the plasma volume is reconfirmed 
in the present experiments, since, of the total losses of the extracellular 
fluid from the body, the losses of interstitial fluid were always found to be 
greater than those of the plasma. However, a maintenance of the plasma 
volume at the expense of the interstitial fluid was found to be only an occa- 
sional exception in the types of experimental dehydration studied. In 
other words, it would appear that the plasma as well as the interstitial fluid 
contributes to the extracellular fluid losses in the early stages of dehydra- 
tion. Gregersen and Stewart (3) were likewise led to this conclusion, since 
their studies also failed to indicate that the volume of the plasma is inde- 
pendent of the quantity of interstitial fluid even with moderate changes in 
the volume of the extracellular fluid. 

If a decrease in the volume of the plasma occurs in the early stages of 
dehydration, then increases of the plasma protein concentration and of the 
hematocrit should also become evident in the early stages of dehydration. 
This was found to be true in the present experiments with only a few excep- 
tions. It would appear, therefore, that it is generally possible to detect 
qualitatively a deficit of the plasma volume in acute experimental dehy- 
dration from the changes of the plasma protein concentration or the hema- 
tocrit. However, from the point of view of a quantitative indication of 
plasma volume deficit the latter measurements are apparently not entirely 
reliable even in acute experimental dehydration. From the present studies 
it would appear that as the period of dehydration becomes more prolonged 
the changes of the plasma protein concentration and of the hematocrit may 
not only be entirely unsatisfactory in indicating quantitatively a decrease 
of plasma volume, but may also fail to indicate correctly the change quali- 
tatively. Such discrepancies would appear to be most likely encountered 
when malnutrition becomes a complicating feature. In this connection 
attention might be called to the recent findings of several authors (7—10) 
indicating that it is not possible accurately to determine changes in the 
plasma volume from changes of the plasma protein concentration and the 


hematocrit. 
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It should be realized that the conclusions arrived at above are based 
upon the assumption that the changes of the plasma volume and “avail- 
able (thiocyanate) fluid’ from their respective control levels are correctly 
detected by the methods employed. Since identical procedures were car- 
ried out in the control and experimental periods, it would appear that the 
results obtained are adequate for the conclusions drawn. 


SUMMARY 


Determinations of the plasma volume, “available (thiocyanate) fluid,” 
plasma protein concentration, and hematocrit were carried out in dogs be- 
fore and following dehydration produced in several ways. From the results 
of the study on experimental dehydration the following conclusions are 
drawn. 

1. Both the interstitial fluid and the plasma contribute to the fluid lost 
from the extracellular compartment in dehydration. 

2. The interstitial fluid serves to sustain the volume of the plasma in the 
sense that of the total loss of fluid from the extracellular compartment a 
much larger amount is contributed by the interstitial fluid than by the 
plasma. 

3. A deficit of the plasma volume occurs in the early stages of dehydra- 
tion, a maintenance of the plasma volume at the expense of the interstitial 
fluid being only an occasional finding. 

{. Changes of the plasma protein concentration and of the hematocrit 
are suitable for the qualitative detection of a plasma volume deficit in 
acute dehydration. 

5. Frequently it is not possible accurately to determine changes of the 
plasma volume from changes of the plasma protein concentration and the 
hematocrit. This is particularly true following more prolonged periods of 
dehydration in which malnutrition constitutes a complicating feature. 
Under such circumstances, by determination of the plasma protein concen- 
tration and the hematocrit, a qualitative change of the plasma volume may 
fail to be detected accurately. 
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